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Abstract 
Situated along the eastern coastline of New Zealand’s North Island are 
relatively well-preserved and deep-marine sedimentary packages that were deposited 
in the Miocene, referred to as the Whakataki Formation (40°54S, 176°13E). The 
deposition of this formation is associated with the onset of subduction of the Pacific 
Plate beneath the Australian Plate at 25 Ma and represents a trench-slope basin fill 
sequence. These particular sedimentary deposits are of great significance because 
trench-slope basins form in deep-marine settings, therefore their analysis is typically 
restricted to expensive geophysical surveys and deep-ocean drilling. This study has 
analysed the coastal exposure of the Whakataki Formation that spans eight 
kilometres and has identified three lithologically diverse deposits. The Whakataki 
Formation comprises of two mud-rich and matrix-supported breccias and a slightly 
carbonaceous and glauconitic turbidite deposit. Episodic deformation of the 
Whakataki Formation has altered original stratigraphy and as a result the exposure 
today is very complex, partially overprinted by foliations and contacts between all 
three defined units are undefined. Through comprehensive sedimentological research 
supported by geochemistry and petrography, a regional stratigraphic model and 
emplacement mechanisms have been developed. This model presents a basin-fill 
sequence comprising of two localised, short-lived, destructive and high-density 
debris flows that deposited intermittently during widespread and low-density 
turbidite deposition displaying fining-up and coarsening-up sequences. All three 
units are variably sourced from nearby, laterally extensive and mature Cretaceous 
and Paleogene units that were eroded from thrust sheet displacement due to 
contractional forces imposed by subduction. Since deposition active subduction has 
provided NW-SE contraction on the southern section of the formation at 17.5 Ma, 
which has resulted in kilometre-scale folding. At 6.5 Ma, E-W contraction of the 
northern section of the Whakataki Formation resulted in a sub-simple, solid-state 
shearing event. The reconstructed stratigraphy and detailed sedimentological analysis 
reflecting emplacement mechanisms has permitted a paleodepositional model to be 
completed. This presents a mature-sourced trench-slope basin fill, fed by intermittent 
debris and turbidity flows, emplaced within a tectonically active, deep-marine and 
bathyal-depth setting. 
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Chapter 1: Introduction 
Trench-slope basins are prevalent around the world and are common in 
juvenile (<25 Ma) subduction zones such as the Aleutian Trench (Moore & Karig, 
1976; Underwood & Norville, 1986; Lewis et al., 1988; Underwood & Moore, 
1995), Barbados subduction complex (Mascle et al., 1990; Underwood & Moore, 
1995; Huyghe et al., 2004), Cascadia subduction zone (Davis & Hyndman, 1989; 
Underwood & Moore, 1995; McAdoo et al., 1997), Hikurangi subduction system 
(Davey et al., 1986), Makran subduction zone (White & Louden, 1982), Nankai 
Trough (Moore & Karig, 1976; Okada, 1989; Underwood & Moore, 1995) and 
Sunda Trench (Moore & Karig, 1976; Stevens & Moore, 1985). During the early 
stages of subduction, a combination of structural ridge uplift accommodated by 
thrust faulting and deformation of the over-riding plate at the subduction margin 
results in irregular bathymetry along the trench-slope; forming trench-slope basins 
(Smith et al., 1979; Cloos & Shreve, 1988; Underwood & Steurer, 2003).  
The preservation potential of such basins is low, due to their formation on actively 
converging margins, wherein continued subduction leads to compaction of the basin, 
often followed by uplift and erosion (Karig & Sharman, 1975; Moore & Karig, 1976; 
Scholl et al., 1977; Nicol et al., 2007). Active subduction is also associated with 
periods of subsidence and extension intensifying their deformational fabrics (Karig 
& Sharman, 1975). Trench-slope basins are elongated parallel with the subduction 
margin due to contraction where they are fed directly from the slope or marginally by 
sediment gravity flows (Smith et al., 1979; Leverenz, 2000; Underwood et al., 2003). 
The quickly evolving environment exhibits variable slope angles and sedimentation 
rates, which results in varied flows between dense debris flows to highly turbulent 
and stratified flows, both deposits being common in deep marine environments 
(Moore & Karig, 1976; Smith et al., 1979; Bailleul et al., 2007).   
The study of trench-slope basin deposits are usually limited to geophysical surveys, 
such as seismic analysis, or involve deep-ocean drilling because they are either 
covered by kilometres of overlying sediments or located in deep marine 
environments (Karig & Sharman, 1975). The Miocene (23 – 5.3 Ma) Whakataki 
Formation, which formed at the southern end of the Tonga-Kermadec subduction 
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zone offshore eastern New Zealand presents a unique opportunity to study the 
deposits of trench-slope basins as there is well-preserved onshore outcrop available 
(Neef, 1992; Field, 2005). The outcrop dominantly comprises turbidite and 
olistostrome deposits, located north of Castlepoint (5367500N, 1870900E) on the 
southeast coast of the North Island of New Zealand (Neef, 1992; Field, 2005; 
Bailleul et al., 2013). Through extensive weathering and erosion, the resulting 
outcrop is flat lying and adjacent to the coastline, extending for eight kilometres (Lee 
& Begg, 2002; Field, 2005). The well-exposed outcrop allows a comprehensive 
structural and sedimentological analysis of Miocene deposition within a trench-slope 
basin.  
The resulting paleodepositional model for the Whakataki Formation will be valuable 
for expanding the limited knowledge of the Whakataki Formation, and also as an 
analogue for offshore petroleum play modelling. Clean sand turbidite deposits are 
excellent petroleum reservoirs and make up 90% of petroleum reserves within deep-
water environments (Moore & Karig, 1976; Smith et al., 1979). Porosity and 
permeability in turbidites are the leading contributors to their oil and gas potential 
(<30%) and are particularly high when they are sourced from mature river systems 
(Ramsey and Huber, 1983). 
The Whakataki Formation, forming part of the East Coast Basin, has been the focus 
of limited stratigraphic drilling, up to 40 wells completed since 1955 (3/40 offshore 
wells) (Field & Uruski, 1997). The wells all encountered significant gas peaks, 
particularly offshore, indicating that the formation may be a prospective petroleum 
reservoir offshore (Field & Uruski, 1997). The difficulty in sampling the offshore 
Whakataki Formation, and its potential economic significance, makes the detailed 
understanding of the onshore deposits extremely valuable. The onshore outcrop 
provides both vertical and lateral exposure that would be impossible to access 
offshore without extensive, expensive drilling campaigns.   
Previous studies of the Whakataki Formation are of a localised and broad regional 
scale summarising the stratigraphy, focussing on bed thickness and continuity of 
these sequences (Neef, 1992; Field, 2005; Bailleul et al., 2007; Bailleul et al., 2013). 
Stratigraphic and lithological associations of the Whakataki Formation are detailed; 
however petrographic, geochemical analysis and centimetre-scale stratigraphic 
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logging of the coastal outcrop has yet to be provided in literature of the different 
deposit types.  
Considering that this formation is part of a complex evolving accretionary wedge in 
an active subduction zone, it is important to understand the internal relationships 
within this formation that has undergone several tectonic phases (Chanier & Ferriere, 
1991; George, 1992; Neef, 1992; Bailleul et al., 2007). Specifically Chanier and 
Ferriere (1991) have outlined the association between the Whakataki Formation’s 
deposits and the onset of subduction and its subsequent discrete tectonic events. 
The Whakataki Formation turbidites are reported to be associated with channelised 
and restricted flows (Field, 2005) whereas the olistostromes are believed to have 
formed from large submarine slides; both flows onset from thrust sheet displacement 
on the trench-slope (Bailleul et al., 2007). These papers do not document the 
complexity of the sedimentology and stratigraphy and link the depositional processes 
to the wider structural activity (Bailleul et al., 2007; Bailleul et al., 2013). This work 
will extend on previous depositional models by testing several hypotheses that 
include: 
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Hypothesis 1: What are the transportation processes and depositional emplacement 
mechanisms that formed the deposits of the lower Whakataki Formation? This will 
be tested by completing geological maps and stratigraphic logs to detail bed 
thickness, sand versus mud ratios and recognisable primary structures. These 
analyses will be used to fully characterise a stratigraphic model and ultimately a 
paleodepositional model. 
Hypothesis 2: The Whakataki Formation provenance is associated with the regional 
stratigraphy of the east coast, North Island, New Zealand. This will be tested by 
defining the composition of the Whakataki Formation through geochemical and 
petrographic analysis. This will permit an association with regional and local 
stratigraphic formations, which is well detailed by Lee and Begg (2002) and Neef 
(1997), ultimately providing provenance and depositional information (paleoflow) of 
the Whakataki Formation. 
Hypothesis 3: The primary stratigraphy has been overprinted by structural 
deformation and the formation of these fabrics is associated with regional scale 
deformation. This will be tested by analysing all structural fabrics of the Whakataki 
Formation by geological mapping and constructing cross-sections and stereonets. 
The data provided will be interpreted and related to deformation events of the wider 
region and detail how these events have affected the original Whakataki Formation 
deposit architecture. 
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Chapter 2: Literature Review – background 
and previous work 
2.1 GEOLOGICAL SETTING OF THE WHAKATAKI FORMATION 
2.1.1 Field Site/Physical Location 
The turbidite and olistostromes investigated in this study are a part of the Whakataki 
Formation, which is located north of Castlepoint in the Wairarapa Region, New 
Zealand (40°54S 176°13E; Figure 2.1) (Edbrooke et al., 1996; Field, 2005).  
 
Figure 2.1. Map of Castlepoint, New Zealand. Outcrop of the Whakataki Formation studied in this 
thesis outlined by the dashed squares (right). The southern box represents the southern study area 
(Chapter 4) and the northern box represents the northern study area (Chapters 5 and 6). The missing 
area between the two boxes represents sand covered and absent outcrop. Maps are modified from 
(Google Maps, 2015.) 
The area studied extends approximately 8 km, along an undulating coastline with 
numerous wave cut platforms and rocky headlands. The Whakataki Formation 
turbidites and olistostromes are exposed along the coastline during low tide, and 
exposed inland locally, partly covered by Quaternary alluvium (Neef, 1992). 
Exposure of the Whakataki Formation inland is generally poor due to dense 
vegetation, which has restricted this research to coastal exposures. This work 
recognises that the coastal exposure of the Whakataki Formation outlined in this 
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study does not comprise the whole formation and future reference to the Whakataki 
Formation directly applies to the research area outlined in Figure 2.1.  
2.1.2 Tectonic setting and depositional phases 
The Whakataki Formation forms part of the Wairarapa Region, which is situated 
approximately 100 km west of the Hikurangi convergent margin at the southern end 
of the Tonga-Kermadec subduction zone (Figure 2.2).  
 
Figure 2.2. Plate Tectonic Framework of the Tonga-Kermadec Subduction zone, highlighting the 
westward subduction direction of the Pacific Plate and the position of the Hikurangi Plateau in 
relation to New Zealand and the subduction zone interface.  Adapted from (Spoerli & Rowland, 
2007). 
The subduction zone involves the westward movement of the Pacific Plate below the 
north to northeast moving Australian Plate at 40 - 50 mm/yr at an azimuth of 260° 
(Lee & Begg, 2002; Nicol et al., 2007; Spoerli & Rowland, 2007). The subducting 
Pacific Plate is gently dipping at approximately 5° reaching 10 - 15 km beneath the 
surface of the Australian Plate (Lewis et al., 1998; Davy et al., 2008). Beneath the 
Taupo Volcanic Zone the downgoing slab steepens to 60 – 70° (36°N, 176°E, Figure 
2.2) reaching a depth of 30 -35 km beneath Palmerston North (40°N, 173°E, Figure 
2.2) (Lee & Begg, 2002). 
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Toward the south of New Zealand, the Australian Plate oceanic crust is subducting 
beneath continental crust of the Pacific Plate along the Puysegur Margin at 37 
mm/yr, azimuth of 240° (45°N, 166°E, Figure 2.2) (Neef, 1992; Lee & Begg, 2002). 
Tonga-Kermadec and Puysegur subduction zones are associated with the South 
Island sub-parallel strike-slip faults trending NE-SW (Field & Uruski, 1997; Lewis et 
al., 1998) referred to as the Marlborough Fault System (MFS, 172°E, 42°S, Figure 
2.2). The Alpine Fault, which runs through the MFS is characterised by convergent 
movement of the Australian and Pacific Plate, resulting in thrusting from 
compression, forming the Southern Alps (Neef, 1992; King, 2000; Davy et al., 
2008). 
The New Zealand continent is divided into western and eastern hemispheres, 
separated by active calc-alkaline Median Tectonic Zone (Wandres & Bradshaw, 
2005). The west is further divided into two main terranes largely comprising 
volcanically and plutonically-derived metasediments, whereas the east represents a 
forearc and accretionary complex that originally formed during the Permian and 
Cretaceous Tahu/Rangitata orogenic events (Wandres & Bradshaw, 2005; Ghisetti & 
Sibson, 2006). The Wairarapa Region of New Zealand is found along the East Coast 
Deformed Belt (ECDB) (Figure 2.3) (Spoerli & Rowland, 2007).  
 
Figure 2.3. Cross-section view of the Tonga-Kermadec Subuction zone displaying the three main 
tectonic sub-environments (red rectangle); the Forearc basin, Trench-slope basin and the trench-slope 
of the ECDB (Bailleul et al., 2007). 
Within this large deformed complex are three main tectonic sub-environments that 
reflect the three domains of the New Zealand continent (2 in the west and 1 in the 
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east) (Wandres & Bradshaw, 2005; Bailleul et al., 2007). These three domains are 
classified by their morphology along the active margin from west to east (Chanier et 
al., 1999; Bailleul et al., 2007). 
1. The forearc basin is characterised by longitudinal depressions between the 
axial and coastal ranges oriented parallel to the Hikurangi Margin complex. 
These deposits are contemporaneous with the beginning of subduction, 
marking the change between a passive to an active margin with the 
development of an accretionary prism (Figure 2.3). 
2. The accretionary complex represented by the coastal ranges, elongate slope 
basins as well as the Trench-Slope Break (TSB) (Figure 2.3); and 
3. The Trench-Slope that is located from the Wairarapa Region coastline to the 
off-shore easterly Hikurangi Trough (Figure 2.3). 
The basin deposits and deformation styles of the three sub-environments are 
associated with active subduction that was initiated 25 Ma (Spoerli & Rowland, 
2007; Schellart & Spakman, 2012; Bailleul et al., 2013). The spatial and temporal 
changes of facies and sedimentary units within the trench basins of the Coastal 
Ranges record the tectonic change from passive to convergent margin associated 
with increased sedimentation and volcanism (Chanier & Ferriere, 1991; Rait et al., 
1991; Schellart & Spakman, 2012; Bailleul et al., 2013). The shift in tectonic regime 
resulted in nappe emplacement from thrust sheets protruding through the oceanic 
crust, resulting in irregular bathymetry and accommodation space allowing sediment 
accumulation in trench-slope basins (Bailleul et al., 2013). The Whakataki 
Formation, which formed in one of these trench-slope basins is directly related to the 
onset of subduction (Neef, 1997; Bailleul et al., 2007; Bailleul et al., 2013). Since the 
onset of subduction four major and episodic tectonic events have resulted in the 
deposition of the Whakataki Formation and its subsequent deformation (Bailleul et 
al., 2013). The following four phases outline a broad simplified tectonic evolution of 
New Zealand, focussing on the studied region. 
First phase (25 - 16 Ma) 
The first phase of deformation is characterised by the onset of subduction >100 km 
northeast of the proto-North Island (Figure 2.4). Evidence for convergence is marked 
by calc-alkaline volcanism between 25 and 24 Ma (Neef, 1995; Bailleul et al., 2007; 
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Bailleul et al., 2013). The subducting Pacific Plate toward the west promoted crustal 
melting and volcanism by dehydration and volatile release during this phase (Spoerli 
& Rowland, 2007). By 22 - 20 Ma arc volcanism had been well established in the 
northern region of New Zealand identified from andesite, basalt, dacite, interbedded 
tuff and volcanic breccias (Lee & Begg, 2002). Ongoing subduction under the 
Australian Plate resulted in the elongation of the mostly submerged New Zealand 
continent (King, 2000). Kinematics of the subduction zone eventually shifted 
between 23 and 22 Ma resulting in the lateral offset of the Alpine Fault (King, 2000; 
Lee & Begg, 2002). The fault system of the South Island began to extend between 
the oblique southern rifting zone and the near-orthogonal northern subduction zone 
toward the southwest (Lee & Begg, 2002). The propagation of the fault system 
resulted in the connection of the two separate tectonic zones (Figure 2.4). 
 
Figure 2.4. Proto-New Zealand landmass during the Late Oligocene ca. 25 Ma (left) and Early 
Miocene ca. 20 Ma (right). Figure is adapted from King (2000) with added north arrow and latitude 
and longitude. Highlighted circles represent volcanism. TB = Taranaki Basin, ECB = East Coast 
Basin, CB = Canterbury Basin, GSB = Great South Basin, WS = Western Southland Basin, NB = 
Norfolk Basin.  
Continued movement along the Alpine Fault and Hikurangi Margin resulted in uplift 
in the Northland Region during the Miocene (Figure 2.5) (Brothers, 1974). Strain 
build-up on the central and western fold-thrust belt formed the Kaikoura Orogeny, 
which later went on to initiate the growth of the Southern Alps (Figure 2.5) 
(Brothers, 1974; King, 2000). 
Continued subduction and subsequent uplift was accompanied by periods of sea 
regression and sediment shedding with increases in terrestrial sedimentation and 
calc-alkaline volcanism consisting of breccias and andesites in the lower Miocene 
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(McLintock, 1966; Brothers, 1974). Further compressing and buckling of the Pacific 
Plate created deepened trench-slope basins in the Northland region that accumulated 
deep marine sediment flows (Bailleul et al., 2013). Cretaceous to Early Miocene 
deposits were obducted from the Northland and eastern areas and transported south, 
depositing as sand and mud interbeds in newly formed basins (King, 2000; Bailleul 
et al., 2013).  
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Figure 2.5. Schematic east-west section (not to scale) through the Northland region showing the uplift 
and formation of the Kaikoura Orogeny. Sequences a – e in chronological order. 1 = Eastern 
Australia, 2 = Tasman spreading centre, 3 = Northland silicic-rich block, 4 = Upper Cretaceous-
Oligocene trench sediments, 5 = Oceanic crust, 6 = Pacific spreading centre, 7 = Newly generated 
oceanic crust, 8 = Manukau Breccia, 9 = Wairakau Andesites, 10 = Coromandel volcanics. Modified 
from (Brothers, 1974). 
22 Ma the Northland region experienced a tectonic shift due to the clockwise rotation 
of the Hikurangi Margin onset by slab rollback of the Pacific Plate to the north due to 
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blockage of the subduction in the south (Neef, 1995; Bailleul et al., 2013). These two 
tectonic controls resulted in the increasingly oblique Hikurangi Margin, extension 
and crustal thinning of the north and continued volcanism in the south (Neef, 1995; 
Lee & Begg, 2002). By 16 Ma all volcanic activity in the area had completely shut 
down and moved south to the Coromandel region (38°N, 173°E, Figure 2.2) (Lewis 
et al., 1998; King, 2000).  
Second phase (19 – 13.2 Ma) 
The second tectonic period is characterised by reduced compression along the eastern 
coastline (Bailleul et al., 2013). Subsidence and syn-sedimentary collapse along the 
Hikurangi margin occurred between 19 and 15 Ma due to the blockage of the 
southward moving Hikurangi Margin by the Chatham Rise (Stilwell & Consoli, 
2012). Sedimentation was confined to trench-slope basins during the decrease in 
compression (King, 2000; Bailleul et al., 2007). Tectonic erosion continued along the 
margin due to slowed subduction deepening the forearc region and increasing overall 
subsidence dominated by normal faulting (Lewis et al., 1998; Stilwell & Consoli, 
2012).  
Third phase (13.2 – 6.2 Ma) 
Subsidence of the margin increased at 13.2 Ma represented by widespread normal 
faulting throughout the Coastal Ranges (Cande & Stock, 2004). Subsidence increase 
cannot be simply related to a period of slowed subduction as kinematic models show 
consistent Australian and Pacific Plate convergence throughout the Miocene-
Pliocene (Bailleul et al., 2013). Strike slip motion along the Alpine fault between 30 
– 40 mm/year since 20 Ma may have contributed to subsidence, however these minor 
fault movement changes cannot account for a major shift along the Hikurangi Margin 
(Bailleul et al., 2013). Subsidence instead is associated with slab rollback processes 
in the forearc region (Figure 2.3), with strong stretching of the upper plate focussed 
in the backarc/trench region (Bailleul et al., 2013). Calk-alkaline volcanism is active 
during slab-rollback in the back-arc domain with intensive ash layers in Miocene 
sedimentary units (Bailleul et al., 2013). Between 14.2 and 6.2 Ma basement ridge 
formation confined local trench-slope basins along the east coast (Lee & Begg, 
2002).  
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Arc volcanism continued in the South Island in the Coromandel region where 
volcaniclastic detritus in Late Miocene turbidite deposits are preserved (King, 2000; 
Lee & Begg, 2002). Despite the phase of overall subsidence and normal faulting, a 
local pulse of uplift is recorded in the stratigraphic record of basins along the east 
coast of the North Island (Neef, 1995; Lee & Begg, 2002).  The uplift event is 
analogous with a shift in subduction convergence between 12 – 10 Ma, which has 
remained consistent for the last 10 million years. The progression of the convergence 
angle and local uplift is reflected in the heavily faulted and folded basin strata of the 
east coast North Island (King, 2000).  
Continued oblique subduction for over 10 million years has resulted in the New 
Zealand land-mass moving almost parallel to the margin, which has resulted in 
extensive deformation of deposits in both North and South Island domains (Figure 
2.6) (Neef, 1995; Lee & Begg, 2002). In the south the continuing Kaikoura Orogeny 
caused tilting and warping of the continental crust (Figure 2.6) (King, 2000; Ghisetti 
& Sibson, 2006).  
 
Figure 2.6. Proto-New Zealand landmass during the Late Miocene ca. 10Ma (left) and Base Pliocene 
ca. 6 Ma (right). Figure adapted from King (2000) with added north arrow and latitude and longitude. 
Highlighted circles represent volcanism. TB = Taranaki Basin, ECB = East Coast Basin, GSB = Great 
South Basin, CB = Canterbury Basin. 
Fourth phase (6.5 Ma to present) 
The fourth phase is associated with a return of mainly contractional deformation at 
6.5 Ma, recorded by onshore Late Miocene folded strata (Bailleul et al., 2013). 
Regional uplift of the margin records an episode of shortening along much of the 
forearc of the Hikurangi margin (Bailleul et al., 2007; Bailleul et al., 2013). The 
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Hikurangi Plateau, an Early Cretaceous oceanic large igneous province caused 
crustal thickening of the Pacific Plate at the accretionary wedge complex interface 
(Bailleul et al., 2007; Davy et al., 2008). Added thickness resulted in the overriding 
Australian Plate experiencing significant uplift ca. 6.5 Ma, resulting in the exposure 
of the continental slope and bathyal sediments (Bailleul et al., 2007; Bailleul et al., 
2013). The emergence of Auckland is associated with this uplift event including the 
Taupo Region (36°N, 176°E, Figure 2.2) to Wellington (Lewis et al., 1998; King, 
2000). Uplift of the Late Miocene is expressed through ductile folding of trench-
slope basin sediments, with many of these fold hinges trending N-S (E-W 
contraction), restricted to these deposits (rarely seen in Pliocene or younger deposits) 
(Bailleul et al., 2013). Subsequent contractions are recorded from NE-SW trending 
fold hinges of Late Pliocene coquina limestones, associated with NW-SE shortening 
(Bailleul et al., 2013). Fold hinges produced during the fourth phase are consistent 
with slip direction of nearby major Whakataki and Castlepoint Faults, east coast 
North Island (Chanier et al., 1991; Bailleul et al., 2013). The deformation associated 
with the uplift event was less severe along the South Island, which had emerged 
land-mass, particularly along the western coast (Lewis et al., 1998; Lee & Begg, 
2002). Gentle folds and decreased faulting during the uplift suggests the area was 
less affected by the event than the east coast of the North Island (Lee & Begg, 2002). 
Uplift continued through the Pliocene resulting in continued folding (gentle) of 
Kaikoura Orogeny strata (Lee & Begg, 2002). The last major sea-level transgression 
began during the Late Miocene and continued into the Pliocene submerging coastal 
formations (McLintock, 1966). Sedimentation in the southern end of the North Island 
matched subsidence rates, which resulted in shallow-marine deposits of Pliocene age, 
associated with fine-grained sandstone fossilferous mudstones and coquina 
limestones (Neef, 1999; Bailleul et al., 2013). Volcanism continued in the 
Coromandel and Northland Region observed as tuff bands in Pliocene strata (Lee & 
Begg, 2002). 
The South Island began to experience cold climates in the Pliocene resulting in the 
growth of glaciers covering much of the land-mass. The North Island experienced 
glacial growth as well, localised to the highest mountain peaks (McLintock, 1966). 
Uplift during the mid-Quaternary resulted in the re-emergence of the southern North 
Island (including Castlepoint Pliocene sediments), giving rise to the continent of 
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New Zealand observed today (King, 2000; Lee & Begg, 2002). Rapid uplift of the 
Southern Alps resulted in conglomeritic deposition with increased volcanism 
restricted to the North Island, near the Taupo and offshore Coromandel regions. 
Volcanism resulting in andesites, basalts, rhyolite deposits and orogenic processes 
that occurred in the Quaternary are active today and continue to shape the New 
Zealand continent (Lee & Begg, 2002). 
2.2  GEOLOGY OF THE WAIRARAPA REGION 
2.2.1 Stratigraphy of the Wairarapa Region 
The stratigraphic record of the Wairarapa Region is characterised by four units 
categorised by their ages and structural characteristics (Neef, 1992; Lee & Begg, 
2002). 
1. Highly deformed Late Jurassic to Early Cretaceous basement  
The Wairarapa Region basement consists of the composite Torlesse terrane and the 
Pahaoa Group (Neef, 1997; Lee & Begg, 2002). The Torlesse terrane is subdivided 
into three separate units, including the ESK Head belt, Pahau and Waioeke terranes 
outcroping far inland 30 - 40 km from Castlepoint (Figure 2.7 and Figure 2.8). The 
ESK Head belt is composed of centimetre-decametre bedded sandstone and 
mudstones commonly sheared with argillite, basalt, chert and limestone blocks 
variably deformed from coherent, transposed bedding to melange (Figure 2.7 and 
Figure 2.8). The Pahau terrane is comprised of grey centimetre to metre beds of 
alternating quartzofeldspathic sandstone and mudstone sequences with minor 
calcareous mudstone interbedded with conglomerates. The Waioeke terrane is a dark 
grey centimetre-decametre bedded fine-grained volcaniclastic sandstone and 
mudstone with minor vesicular basalts, chert and bioclastic limestone. Sandstone and 
mudstone beds are also massive and interbedded with minor conglomerate and 
pebbly mudstone. 
The Pahaoa Group consists of two formations; Taipo Formation, which is composed 
of fine to coarse-grained quartzofeldspathic sandstone with minor mudstone and 
conglomerate and the Mangapokia Formation including centimetre-decametre 
bedded quartzofeldspathic sandstone and mudstone with minor conglomerates, 
spilitic volcanics, rare localised carbonaceous wisps, chert and red siltstone. Bivalves 
and echinoid fragments are observed in light grey limestones and the formation is 
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variably deformed from coherent to completely broken from shearing (Figure 2.7 
and Figure 2.8). 
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Figure 2.7. Stratigraphy of the Wairarapa Region. Adapted from Lee and Begg (2002). 
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Figure 2.8. Geological Map of the Wairarapa Region with important locations and general outline of 
the field site, note this study focuses on coastal outcrop only (Lee & Begg, 2002). 
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The basement has almost been completely eroded and deformed from periods of 
tectonic phase change, experiencing both contraction and extension resulting in 
erosion of sedimentary structures (Lee & Begg, 2002). Liquefaction after 
depositional is most likely the explanation for the degradation of primary structures 
(Moore & Speden, 1984; Neef, 1992). Inverse-graded conglomerates suggest 
deposition from high-density turbidity currents near the mouth of the submarine 
canyon at the margin of a fan delta (Neef, 1992; Lee & Begg, 2002). Vesicular 
basalt, chert and fossiliferous limestone suggests an extrusive event of basaltic flows 
on the seafloor, followed by siliceous deposits (now represented by jaspolitic chert 
containing radiolarians) that are overlain locally by thin, fossil-rich limestone (Neef, 
1992).  
2. Early Cretaceous to Oligocene sedimentary rocks 
Overlying the Late Jurassic to Early Cretaceous basement is the Late Cretaceous 
Glenburn Formation, Springhill and Tangaruhe Formations (Figure 2.7). The 
Glenburn Formation predominantly consists of intercalated, fossiliferous and 
carbonaceous sandstone and mudstone beds with minor conglomerate that has 
formed as part of a submarine fan (Neef, 1997). Deposition has occurred primarily 
from mass flows and turbidity currents at bathyal to inner shelf depths (Neef, 1992; 
Lee and Begg, 2002). Highly altered, sheared basalt (approximately 20 m thick) 
crops out in the southern to western parts of the Akitio district montmorillonite 
(Figure 2.8). The basalt is spilitic suggesting hydrothermal alteration of the basalt 
from seawater, likely at the seawater interface or deeper (Neef, 1992). Less 
commonly the Gentle Annie, Springhill and Tangaruhe Formations overlie Late 
Jurassic basement, composed of moderately to poorly indurated, metre-bedded 
glauconitic sandstones, (fossiliferous) mudstones, minor conglomerates and tuff. 
Conformably overlying the Glenburn Formation is the Tinui Group followed by the 
Mangatu Group (Figure 2.7). The two groups are composed of the Whangai, 
Wanstead and Weber Formation, which are similar compositionally, consisting of 
dark/light grey to dark-brown, micaceous, silty mudstone and fine sandstone 
(glauconitic in parts) (Neef, 1992). Marker beds are difficult to find in the Tinui 
Group making stratigraphic correlation undefinable in some discontinuous beds 
within these massive units (Neef, 1992). These groups were bathyally deposited in 
organic-rich environments during the Late Cretaceous to the Oligocene during high 
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sea levels before the New Zealand continental land-mass had taken its shape that 
exists today (Neef, 1992; Lee & Begg, 2002).  
 
3. Miocene Sedimentary Rocks 
The Palliser Group was deposited in the Miocene and is composed of the Whakataki 
and Takiritini Formation’s (Lee & Begg, 2002). The Takiritini Formation commonly 
outcrops in the central Wairarapa Region (Figure 2.8) and comprises mostly marine, 
interbedded, fine sandstone and calcareous mudstones (Neef, 1992). These sediments 
were deposited in an inner shelf environment, suggesting there was likely sea-level 
regression as deposition occurred during the Miocene (Spoerli & Rowland, 2007). 
The Whakataki Formation is dominantly turbidites, exposed along the shoreline near 
Castlepoint, as well as inland 2 km southwest of Castlepoint (Figure 2.8). Sandstone 
beds are fine-grained and have primary features such as load casts and convolute 
bedding, while the mudstone beds are bioturbated (Neef, 1997). Occurrences of 
pebble-conglomerate and bioclastic limestone have been noted, interbedded with 
sand/mudstone along with intercalated matrix supported polymict breccias (Field, 
2005). 
The Whakataki Formation also consists of olistostromes although contacts between 
the turbidites are not outlined on geological maps (Chanier & Ferriere, 1991; Neef, 
1997; Lee & Begg, 2002). The olistostromes are often referred simply as 
disorganised rudite with a sheared matrix composed of dark grey mudstone with rare 
olistolith clasts up to 3 m (melange, Figure 2.7) in diameter composed of the same 
material from the older Tinui (Whangai Formation) and Mangatu Groups 
(micaceous/smectitic silty mudstone with fine sandstone) deposited ca. 65 – 25 Ma 
(Turnbull, 1988; Neef, 1992). Some large exposures exhibit syndepositional 
slumping farther inland near the Pongaroa River (O'Byrne, 1963; Pickering et al., 
1989b; Neef, 1997). The depositional environment of the Whakataki Formation was 
in a mid to upper bathyal environment, at a time when most of the Wairarapa Region 
was submerged by transgressing sea levels at 23.5 Ma when the climate was warm 
and moist (Lee and Begg, 2002).  
Significant change in the depositional environment has been defined in the 
stratigraphic record between Early Cretaceous/Oligocene sedimentary rocks to 
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Miocene sedimentary rocks (Figure 2.7). Early Miocene groups (Whakataki 
Formation in particular) consist of coarser grained material and were deposited at 
higher sedimentation rates compared with intercalated sandstone and mudstone of 
Early Cretaceous to Oligocene sedimentary rocks (Neef, 1992). This dramatic 
change in the depositional environment at ca. 25 Ma is consistent with the onset of 
calc-alkaline volcanism (Northland area) and provides evidence for the onset of 
subduction (Davey et al., 1986; Edbrooke et al., 1996; Nicol et al., 2007). 
The Whakataki Formation is best described by three research papers; Neef (1992), 
Field (2005) and Bailleul et al. (2013) that go through the lithology, depositional 
environment and some structural aspects of the deposits. 
According to Neef (1992), (1995) and (1997) the Whakataki Formation accumulated 
from fan sedimentation via slump and down slope sediment creep within feeder 
channels. Neef also describes the formation as dominantly carbonaceous, comprising 
sandstone-mudstone couplets of medium thickness, less than 50 mm. Bouma 
sequences are up to 4 m thick with common flute casts, flame structures and 
convolute lamination. Thicker beds of Ta, Tb and Tc divisions are lenticular and 
sandy beds are 20 – 40 mm thick whereas muddy parts are 70 – 200 mm thick.  
Clasts of the Whangai Formation (deposited early Tertiary ca. 50 Ma) are up to 1 m 
in diameter composed of disorganised rudite, which indicates growth of the 
Owahanga Hill Diapir was active during deposition. Carbonaceous fragments in the 
formation suggest the source was terrigenous, likely a woody hinterland. Without 
petrography Neef (1992) has concluded a Mesozoic greywacke provenance. 
Field (2005) concluded that the Whakataki Formation was deposited from high-
energy flow rates as turbidity currents that have spilled over channelised feeder 
systems depositing on the levee-overbank. The turbidite deposition has occurred at 
the base of the continental slope forming a submarine fan. Sandstone amalgamation, 
dominant Tb and Tc Bouma divisions and thinning up of beds and sole structures 
indicates high-energy flows and aggradation (Field, 2004). The dominance of 
consistent fine-grained Bouma sequences in parts of the Whakataki Formation 
suggests the flows have travelled substantial distances. Field (2005) provided an 
overall paleocurrent direction toward the NNE-ENE in Tc intervals without the 
consideration of structural deformation imposed on the turbidites, which may have 
altered the original flow direction.  
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Bailleul et al. (2013) has focussed on the Akitio Basin, Titihaoa trench-slope basin 
infill, Turnagain slope basin infill and Whakataki Formation all forming during the 
onset of subduction associated with the Hikurangi margin. General facies 
descriptions of all trench-slope basins have been presented with stereonet plots of all 
faults of the area including the Castlepoint Fault and Whakataki Fault that trend 
approximately north-northeast (Figure 2.9). 
 
 
Figure 2.9. Cross-section of the Hikurangi Convergent Margin with a focus on the depositional 
history of the Akitio Syncline. The field site of this chapter and paper is on the eastern margin of the 
Whakataki Fault (Bailleul et al., 2013). 
The Whakataki Formation has been described as having well-developed Bouma 
sequences with common Tb – Te divisions of 1 to 50 cm thick siltstone beds and 1 to 
50 cm thick fine grained sandstones (overall well-sorted), systematic climbing 
ripples, common convolute bedding, local escape and load structures and rare non-
erosive amalgamation surfaces. The turbidites are tabular with sharp bases and have 
rare flute casts and gradational tops. Bailleul et al. (2013) interpreted the depositional 
environment as deep-sea and plain-like turbidites (Bouma type turbidites), due to the 
formation’s fine-grained nature, formed from low-density turbidity currents. The 
base of the Whakataki Formation is characterised by unstructured mudstones or 
olistostromes that have resulted from submarine reworking along structural highs 
produced by active thrust faulting. Paleocurrent flows of the Akitio Basin indicate 
south-southeast flows that are dominantly sourced terrigeneously. 
The previous studies do not document structural aspects of the formation such as 
faults, folds and paleomarkers such as tool marks, sole marks and flute casts in detail. 
Bailleul et al. (2013) focused on structural aspects of the sedimentary deposits 
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overall however lacks detail of the Whakataki Formation and how the two deposit 
types, turbidites and olistostromes are related. The lack of defined depositional 
relationships between the olistostromes and turbidites remains a significant gap in 
knowledge for the Whakataki Formation and determining this is one of aims of this 
thesis. The best representation of a relative upper vs lower segment of the Whakataki 
Formation is illustrated in Figure 2.7, presenting the melange in the lower section. 
Therefore the use of the term lower is used to describe the sedimentary packages 
along the coastal exposures in this thesis. 
4. Pliocene and Quaternary sediments 
Conformably overlying the Miocene Takirintini Formation is the Onoke Group that 
was deposited in the Pliocene (Figure 2.7). The Onoke Group consists of the 
Kairaku, Rongomai, Te Onepu and Totaranui Limestones that contain calcareous 
mudstones, with alternating sandstone and mudstone beds and rhyolitic tephra (Lee 
& Begg, 2002). The Pliocene limestones crop out 30 – 40 km inland, extending 
parallel with the coastline near Castlepoint (Figure 2.8) (Neef, 1995; Lee & Begg, 
2002). The great exposure of these sediments is owed to significant uplift since the 
mid-Quaternary that is ongoing (Lee & Begg, 2002). Quaternary sediments overlie 
the Onoke Group limestone, ranging from landslide, fan, alluvial and beach/shallow 
marine deposits (Neef, 1995; Lee & Begg, 2002).  
- Landslide deposits: coherent to incoherent shattered masses of rock, to 
unsorted angular rock fragments in a fine-grained matrix. 
- Fan deposits: poorly sorted fan composed of float and colluvial deposits; rock 
fragments are angular in a poorly sorted matrix. Tephra commonly overlies 
poorly sorted gravel. 
- Alluvial deposits: moderately to well-sorted gravel with minor sand and silt. 
Surfaces are commonly terraced and overly loess/paleosol with couplets of 
tephra. Terraces indicate aggradation.  
- Beach and shallow marine deposits: sand and gravel with minor lacustrine silt 
and clay deposits commonly overlain by loess/paleosol couplets and tephra. 
Minor pebbly sand with marginal marine sand. 
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2.3 NOMENCLATURE 
The definitions and examples outlined here in the nomenclature section provide 
background to the following research thesis with clear definitions of terms used.  
Mass flow 
Mass flow transport processes are those that result from the interaction of moving 
fluids and sediment (Middleton & Southard, 1984; Yang, 1996). The fluid-flow 
transport mechanism is dynamic and can change under the action of gravity resulting 
in sediment being simply carried along a surface in a subaerial or submarine 
environment (Fisher, 1983; Stow, 1994). Gravity mass movements can be grouped 
into rock falls, slides and sediment gravity flows (Fisher, 1983). This thesis will 
discuss only sediment gravity flows as this encompasses debris flows and turbidity 
currents, the focus of this research.  
Debris flow 
Debris flows are sediment avalanches that are often cohesion-less where grain-to-
grain interactions are dominant as the mechanism for particle support (Iverson, 
1997). These weakly turbulent laminar flows become cohesive if there is enough 
colloidal mud within the flow (Fisher, 1983). Debris flows (debrites) are massive (no 
sedimentary structures), as large and small particles do not segregate (deposited en 
masse) due to the flows high density and overall low energy (Iverson, 1997; 
Strachan, 2008). If energy levels rise due to increase in velocity then large and small 
particles may segregate due to density differences and can transform into turbidity 
currents (Hampton, 1972; Kneller & McCaffrey, 2003). A full transformation into 
turbulent flow may not always occur but partial grading is common in higher energy 
environments (Figure 2.10). 
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Figure 2.10. Diagram showing debris flows and deposit structures (Kang & Zhang, 1980; Davies, 
1986).  
The methods used to analyse debris flows was improved with research in the Canary 
Basin, northwest African continental margin, off the Spanish Sahara (Bartolini et al., 
1972; Bouma, 1972; Embley, 1976). Improved geophysical analysis, core sampling 
and description and bottom (seafloor) photographs of the deposits were used to 
define the morphology of deep-marine deposits including the size of the deposits and 
internal structure (Embley, 1976). A lack of internal bedding, lens and wedge shaped 
deposits and the undefinable base of these debrites suggests that the sediments in the 
Canary Island area were emplaced neither by particle-by-particle transportation nor 
by turbulent suspension (Embley, 1976). The debris flows were emplaced during 
slope failure, depositing 30,000 km2 of pebbly mudstone on a slope of 0.1° (Embley, 
1976). The Amazon cone and North American continental rise deposits were 
redefined from the originally interpreted slides and turbidity currents and are now 
considered classic examples of debris deposits (Figure 2.10) (Bartolini et al., 1972; 
Bouma, 1972; Davies, 1972; Seibold & Hinz, 1974; Strachan, 2008). The 
characteristics of debris flow deposits established and redefined in the research will 
be used to define massive mud deposits in the Whakataki Formation.  
Turbidity current 
The term turbidity current is used to denote a more diluted flow, in which fluid 
turbulence is the most dominant support mechanism (Mutti, 1985; Kneller, 1995). 
These flows have high energy levels, which are required so particles remain 
suspended. As the flow (turbidity current) moves down-slope and down gradient, 
sediments held within suspension in the flow will preferentially settle according to 
density and grain size (Weimer, 1994; Kneller & Buckee, 2000). This occurs due to 
the dilution of flow competence, which means the flow can no longer support the 
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grain of that density and therefore weight (Walker, 1992). Turbidity currents are 
usually triggered by an offset of equilibrium on the continental slope, created by 
movement such as an earthquake or high sedimentation rates exceeding 
accommodation space (slope failure) (Walker, 1992). 
Typically turbulence driven gravity flows produce normally-graded sequences within 
each turbidite deposit, as the heavier, coarser grained sediments will fall out of 
suspension first in a waning flow (Walker & Mutti, 1973; Fraser, 1989). The first 
person to accurately and succinctly model turbidite facies was Arnold Bouma in 
1962 (Bouma, 1962). Since its introduction, the turbidite facies model has become 
known as the Bouma Sequence. This sequence or model is a fixed vertical sequence 
of structures with five internal divisions in ascending order (Figure 2.11). In nature a 
perfect succession of Ta through to Te beds is rare (Komar, 1969; Walker & Mutti, 
1973; Basu & Bouma, 2000; Johnson et al., 2001). 
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Figure 2.11. Classic Bouma sequence with associated flow regime, contacts and sedimentary 
structures. Figure created by Dr Craig Sloss, adapted from Bouma (1962). 
Ta: Basal sections commonly have erosional or sharp contacts, consisting 
of poorly to moderately-sorted massive sandstone due to rapid deposition. Reduced 
turbulence prevents the formation of bedforms and primary sedimentary structures 
(Figure 2.11). 
Tb: Grades from Ta into planar-bedded sandstone, generally medium- to 
fine-grained, with increased sorting produced by upper flow regime (Figure 2.11). 
Tc:  Grades from Tb into cross-laminated, asymmetrical current generated 
ripples, climbing-rippled and commonly convoluted medium- to fine-grained 
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sandstone.  Sedimentary structures produced as a result of lower flow regime 
decrease to moderate flow velocities with high sedimentation rates (Figure 2.11).  
Td:  Medium- to fine-grained sandstone from Tc overlain by laminated 
fine- to very-fine-grained sandstone and siltstone deposited in the waning flow 
energy. Dominant sedimentary structures in this division are thin and often ill-
defined laminations. Bioturbation common due to lowered energy levels (Figure 
2.11). 
Te:  Consists of very fine-grained siltstone and claystone that are deposited 
out of suspension once the turbidity current has ceased, dominated by hemipelagic 
sedimentation. Bioturbation is common due to low energy levels (Figure 2.11). 
The mineralogy of sandstones and turbidites is varied including numerous clay types 
as primary lithic grains, in matrix or as cement (Mutti & Ricci Lucchi, 1978; Amajor, 
1987; Arribas et al., 2003). Glauconite is an example a unique mineral that only 
forms in specific conditions observed in turbidites (Odin & Matter, 1981). Odin and 
Fullagar (1988) analysed glauconite-rich sandstones and proposed the name 
Glaucony as a general term to represent the depositional facies. If sandstones with 
>20% glauconite are analysed in this thesis the term Glaucony will be adopted. 
The descriptive term ‘turbidite’ is associated with an interpretation (Jobe et al., 
2012). The interpretation assumes that the stack of sediments deposited by 
preferential settling where fluid turbulence is dominant; implying several 
characteristics of the depositional environment from only a metre of stratigraphy for 
example (Kuenen & Menard, 1952; Stow, 1994; Shanmugam, 1996). This can be 
misleading as a descriptive term for a rock as massive sands, planar beds, ripples and 
pelagic mudstones can deposit in many environments at different depths (Jobe et al., 
2012). Common features of turbidites include scour surfaces that are structures on 
the base of sedimentary strata, which exhibit asymmetric and elongate geometries. 
They are associated with turbulent flow and occur between two differing lithologies 
where scours are dug into soft and fine-grained sediment by harder material such as 
sticks or indurated rock and filled by the overlying bed. The long axis of the groove 
may present the direction of flow with the tapered end pointing toward flow direction 
and the concavity of the impression provides an upward younging direction.  
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It is common practice to interpret deep-marine sandstones with scour surfaces as 
turbidites although it is impossible to differentiate scour surfaces from mass 
movements and large-scale turbulent flows in outcrop (Bouma, 2004). Scour surfaces 
can only provide evidence for turbulent flow when the small-scale scour surface is 
observed between a definitive Bouma interval, not a massive sand, which could 
deposit from laminar debris flow (Hampton, 1972; Bouma, 2004). With these 
limitations in mind, scour surfaces observed alone in the study area will not be used 
as a technique for deposit style interpretation. 
The occurrence and frequency of the outlined Bouma intervals can be used to 
determine depositional environments (Bouma, 2004). Sedimentary successions 
dominated by coarse-grained and massive sandstone Ta Bouma intervals suggest 
high-energy environments deposited proximally to a channel or sediment source 
(Bouma, 1997). If the depositional environment has sufficient accommodation space 
allowing submarine fans to develop, then a succession prolific with Ta beds 
represents the upper-fan. Higher occurrences of medium to fine-grained Tb and Tc 
intervals of the lower flow regime indicate a possible medial-middle fan setting 
deposited from high rates of suspension fallout in a levee-overbank environment 
(Covault & Romans, 2009). Distal from the main channel or source once the majority 
of the heavy sand particles have deposited, light silt and clay particles remaining in 
the turbulent flow eventually deposit due to weak current strength, forming the lower 
fan range or distal basin plain (Jager et al., 1993; Leverenz, 2000). 
Stratigraphic logging used to describe the rock record in this thesis will simply use 
sandstone and mudstone, noting sedimentary features, bed thickness and contact 
relationships to avoid interpretation during initial observation and results. In the 
discussion and interpretations section beds will be categorised using interpretation-
built terms if sedimentary stacks resemble debrites or turbidites.  
Ichnofossils in shallow to deep marine environments 
Ichnofossils are impressions created by small organisms (cm scale) such as burrows 
and trails that are preserved within woodground, rockground, firmground and loose 
sediment (Kuenen & Menard, 1952; Wetzel, 1991; Walker, 1992; Nichols, 2009). 
Ichnofossils constantly appear within the rock record since the Cambrian and are 
divided according to the paleoenvironment wherein they are found (Kuenen & 
Menard, 1952; Landing, 1994; Benton & Harper, 1997). Marine trace fossils are not 
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related to depth, instead they are associated with particular sedimentary regimes 
combining sedimentation rates with aspects of water depth. 
Common ichnofacies in marine environments are outlined by numerous works 
(Seilacher, 1967; Crimes, 1975; Frey et al., 1990; Bromley & Asgaard, 1991; 
Wetzel, 1991; Benton & Harper, 1997). The summaries of these works are 
summarised: 
Tripanites: Characterised by echinoid grooves, worm, sponge, polychaela, barnacle 
and sipunculid borings in shoreline sediments or lithified limestone along the seabed 
(Table 2.1). 
Table 2.1  
Ichnofacies and their environments (Bromley & Asgaard, 1991; Benton & Harper, 1997) 
Ichnofacies Substrate Energy Bathymetry Grainsize 
Trypanites Rock High-low Marine margin to 
offshore shelf 
Sand - mud 
Cruziana Loose-
softground 
Medium Lagoon/shelf Sand and silt 
Glossifungites Firmground High-low Nearshore shelf – 
slope 
Sand - mud 
Zoophycos Loose-
softground 
Low Slope – abyssal Mud 
Skolithos Loose-
softground 
High Beach – deep sea Sand 
Nereites Loose-
softground 
Medium-low Slope – abyssal Sand - mud 
 
Cruziana: Characterised by rich trace fossil diversity including Asteriacties (star 
shaped burrows), Cruziana (parallel burrows), Rhizocorallium (elongate burrows), 
Aullchnites (single narrow burrow), Thalassinoides (Hexagonal burrows), Chondrites 
(branching burrows), Telchichnus (horizontal burrows), Arenicolites (circular 
burrows), Rossella (cone shaped vertical burrows) and Planolites ichnofossils 
(horizontal burrows) (Figure 2.12). This ichnofacies represents mid and distal 
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continental shelf environments below normal wave base and may be affected by 
storm activity (Table 2.1). 
 
Figure 2.12. Summarised Cruziana Ichnofacies morphology viewed in loose softground (Benton & 
Harper, 1997). 
Glossifungites: Characterised by Thalassinoides ichnofossils with weaving burrow 
structures, plant root penetration structures, bivalve boring, Polychaete vertical 
burrows, Rhizocorallium tapered vertical burrows and Pslinichnus vertical burrows 
(Figure 2.13). The trace fossils occur in firm but not lithified muds in marine 
intertidal and shallow subtidal zones. The environment is low energy in the shallow 
marine environments where erosion strips off superficial unconsolidated sediment 
layers (Table 2.1). 
 
Figure 2.13. Summaried Glossifungites Ichnofacies morphology viewed in firmground substrate 
(Benton & Harper, 1997). 
Zoophycos: Characterised by Phycosiphon (complex burrow structures along the 
surface of the substrate), Zoophycos (wide burrows along the surface) and 
Spirophyton (vertical and spirialled burrows) ichnofossils (Figure 2.14). This 
ichnofacies occurs between abyssal and shallow continental shelf environments with 
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typical sedimentation rates. Nereites ichnofacies are commonly associated with 
Zoophycos at similar water depths during turbidite deposition (Table 2.1). 
 
Figure 2.14. Summarised Zoophycos Ichnofacies (Benton & Harper, 1997). 
Skolithos: Characterised by Ophiomorpha, Diplocraterion, Skolithos and 
Monocraterion vertical burrows (Figure 2.15). All these trace fossils suggest an 
intertidal environment where organisms must respond to stressful conditions such as 
heavy wave action, associated with the intertidal zone (Table 2.1). They are also 
associated with the tops of storm sand sheets and turbidity flows. 
 
Figure 2.15. Summarised Skolithos Ichnofacies (Benton & Harper, 1997). 
Nereites: Recognised by the presence of Nereites (meandering burrows) spiral 
Spirorhaphe (spiral burrows), Paleodictyon (hexagonal burrows) Lorenzinia (star 
burrows), Chondrites (horizontal burrows) and Cosmorphaphe (meandering 
burrows) ichnofossils (Figure 2.16). This ichnofacies is associated with a deep-
marine environment including ocean floors and deep marine basins usually in 
mudstones of distal turbidites (Table 2.1).  
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Figure 2.16. Summarised Nereites Ichnofacies viewed in pelagic carbonate ooze (Benton & Harper, 
1997). 
Trench-Slope Basins 
Trench-slope basins are created during subduction due to space accommodation 
formed in a volatile environment with many tectonic changes (George, 1992). These 
basins form as sediments accumulate between tectonic ridges or fault scarps atop 
constructional accretionary prisms on the lower-trench-slope, between the trench and 
trench-slope break (Figure 2.17) (Karig & Sharman, 1975; Moore & Karig, 1976; 
Leverenz, 2000).  
 
Figure 2.17. Cross-section view of a subduction zone highlighting where trench-slope basins form in 
relation to the continental slope (Underwood and Moore, 1995).  
Compression results in thrust faulting and extensive folding that squeeze the 
accretionary zones to create elongate and narrow basins that are oriented axially with 
the trench margin as bathymetric highs (Chanier et al., 1999; Bailleul et al., 2007). 
Trench-slope basins are asymmetric due to the complexity and heterogeneity of 
forces posed by thrust faulting that are angled landward (Leverenz, 2000; 
Underwood et al., 2003). Because of the asymmetric forces caused by active 
tectonism, sedimentary basin fill sequences in deep-marine settings dip at low angles 
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and are relatively undeformed in comparison to their underlying sequences (Smith et 
al., 1979; Leverenz, 2000).  
Trench-slope basins accommodate turbidity currents that accumulate to form 
kilometre thick basin-fill sequences (Lowe, 1982; Leverenz, 2000). Continued 
turbidite deposition eventually blocks or limits all incoming flows, which results in 
massive sands being deflected from the confining basin walls and depositing in up-
slope basins (Moore & Karig, 1976; Covault & Romans, 2009). Fine-grained 
sediment is deposited farther down-slope, as these fine-grained particles require less 
energy to rise over the bathymetric high caused by up-slope deposition (Davey et al., 
1986; Pickering et al., 1989a). This is an idealised model for deposition style in 
trench-slope basins however they can vary with bed thickness, grain-size trends and 
even depositional style from debris flows to turbidity currents fed marginally, 
radially or directly from the upper slope (Smith et al., 1979) (Figure 2.18) 
 
Figure 2.18. Trench-slope basin depositional model displaying different relative basin types and their 
unique emplacement mechanisms (Underwood & Bachman, 1982). 
Sedimentary sequences in trench-slope basins are varied as the source is unique for 
each environment, originating from compositionally heterogeneous thrust-sheets 
(George, 1992; Underwood & Moore, 1995; Bailleul et al., 2013). Thrust-sheets and 
ultimately trench-slope basin lithologies vary from igneous rocks such as basalt and 
gabbros to chert, pelagic limestones and sediments such as conglomerates, 
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compositionally and texturally varied sandstones and mudstones (Underwood & 
Bachman, 1982).  
Sedimentary and tectonic environments of subduction zones have been described by 
Smith et al. (1979) by analysing late Cretaceous trench-slope basins in California. 
The research focuses on sedimentology rather than seismic profiles of the subsurface 
deposits to determine sedimentary fill processes, relating them to the conceptual 
model proposed by Moore and Karig (1976) and Howell and von Huene (1978). 
The Californian trench-slope basin extends parallel to the San Andreas Fault (320° 
strike) and is composed of 4,000 m massive thick-bedded, unmetamorphosed 
sandstones, plutonic terranes, rare glaucophane schists and large chert clasts. The 
sandstones are outlined in this study by point counting, detailing lithic constituents 
including polycrystalline quartz and lithic grains associated with a Cretaceous-aged 
source. The sandstone blocks have been tectonically reworked into massive 
structureless mélanges formed by accretionary erosion depositing sediment into the 
trench-slope basin during the late Cretaceous. The widespread dominance of massive 
sandstone bed facies within a suprafan in the trench-slope basin is associated with 
two depositional processes; (1) stable submarine fan complexes built by voluminous 
coarse-grained sediments in an unrestricted basin or (2) sediment flows were 
deposited in restricted basins that trapped dense, coarse-grained gravity flows while 
allowing turbulent finer-grained flows to bypass the ponded basin. The two possible 
depositional models outline the variability of trench-slope basin feeder mechanisms 
and without a known source providing a generalised paleoflow, paleodepositional 
models cannot be determined. 
Works from Smith et al. (1979), Moore and Karig (1976) and Howell and Von 
Huene (1978) provide general models for trench-slope basin fill. All studies have 
shown how thrust fault movement onset by compressional forces create irregular 
bathymetry, which promotes turbidity currents and debris flows. In each of these 
cases thrust fault movement eventually dies out due to slowed subduction and 
compression, resulting in the dewatering of deposits and localised shear strain 
resulting in similar deformation (Smith et al., 1979). Sheared surfaces become tightly 
folded especially along the slope and are eventually overlain by sediments sourced 
from the accretionary complex if thrust faults are reactivated (Smith et al., 1979).  
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This thesis’ work will use similar sedimentological/stratigraphic analysis techniques 
on the Whakataki Formation that formed in a trench-slope basin (Bailleul et al., 
2007). Structural maps, stratigraphic logs, hand sampling for sedimentology will be 
the focus of analysis. This allows us to complete an inexpensive and detailed study 
on the formation and evolution of trench-slope basins. 
Mélange 
A mélange is a mappable chaotic body of mixed rocks with a block-in-matrix fabric 
with an internal structure that is intimately linked to structural and sedimentary 
processes (Raymond, 1984; Festa et al., 2010). Mélange is an umbrella term used for 
many different deposit types ranging from deep-marine sedimentary units to 
ophiolites (oceanic crust) that can form in a range of environments. These rocks can 
be imbedded in sandy, argillitic or ophiolitic matrix and are associated with 
collisional or accretionary type orogenic belts (Raymond, 1984; Festa et al., 2010).  
Mélanges form in all tectonic settings (Raymond, 1984; Lacoste et al., 2009), those 
associated with subduction zones are most common in the circum-Pacific region 
(Delteil et al., 1996). Chaotic bodies are generally composed of intrabasinal 
sediments that have been supplied from the front of the accretionary wedge and/or 
wedge-top basin. Numerous mechanisms such as tectonic removal at the base of an 
accretionary wedge (‘basal tectonic erosion’), subduction of seamounts and ridges, 
subduction erosion and thrust faulting and folding are thought to cause wedge uplift, 
promoting slope instability ultimately resulting in the mass transport phenomena 
such as sliding, slumping, debris flow and debris avalanches (Lacoste et al., 2009). 
The entire process of over-steepening of the seafloor which produces mass transport 
at the wedge front is what causes subduction related mélange deposits (Raymond, 
1984; Festa et al., 2010). Subduction mélanges are mostly massive and structureless 
mudstones with normal and reverse grading if exotic clasts are incorporated into the 
flow (Moore et al., 1976; Medialdea et al., 2004).   
The eastern Mediterranean region has been extensively researched and presented by 
Collins and Roberston (1997), which hosts several melange deposits. The Lycian 
thrust belt (south-western Turkey) contains the Lycian mélange, which is divided 
into two sub-units. The first is rich in ophiolite and the second is composed of distal 
deep-water sedimentary rocks such as sheets of siliceous marble with limestone 
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facies, cherts and clays (layered tectonic melange, Figure 2.19) (Collins & 
Robertson, 1997).  
 
Figure 2.19. Tectonostratigraphic relationships of melange deposits in the accretionary zone of the 
Lycian thrust belt (Collins & Robertson, 1997).  
The Lycian Allochthon was amalgamated during three main tectonic events: (1) Late 
Cretaceous trench passive margin collision causing ophiolite obduction and thrust 
sheet erosion; (2) Middle-Late Eocene continent-continent collision resulting in 
renewed thrusting; (3) Miocene extensional collapse. Geological mapping and 
sedimentological analysis has constrained each mélange deposit and its location, 
which has been used to determine thrust sheet movement. Utilising these techniques 
has resulted in determining that thrust sheet emplacement influences the depositional 
environment. The outcrop of the Lycian Allochthon has presented favourable 
conditions for the deposition of sedimentary mélanges influenced by a combination 
of subduction related compression, obduction, continental collisional and extensional 
collapse. Important conclusions from this research define the need for full integration 
of structural and sedimentological fieldwork with geochemical analyses to determine 
the tectonic history of structurally complex areas. By understanding the structure of 
the basin stratigraphy Collins and Robertson (1997) have been able to relate 
individual mélange deposits to their formation and tectonic event of the Lycian 
Allochton. 
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Olistostromes 
Olistostromes are sedimentary deposits composed of chaotic masses of 
heterogeneous material (Flores, 1955; Dimitrijević et al., 2003). Blocks within 
sedimentary rocks such as mudstone are known as olistoliths that accumulate in 
sediment gravity flows such as debris flows in subaqueous gravity slumps (Flores, 
1955; Tsan, 1974; Abbate et al., 1981). Olistostromes are mappable stratigraphic 
units however they lack true bedding and sedimentary structures due to its chaotic 
depositional history (Abbate et al., 1981; Faure & Ishida, 1990; Comas et al., 1996). 
Olistostromes are further categorised into allolistostromes that include exotic blocks 
of foreign mass and endolistotromes that do not (Elter & Raggi, 1965; Medialdea et 
al., 2004; Neuendorf et al., 2005).  
Unlike mélanges, olistostromes aren’t associated with tectonic depositional 
processes, only characterised by sedimentary features and deep-marine environments 
(Hsu, 1974; Tsan, 1974; Faure & Ishida, 1990; Dimitrijević et al., 2003). Although 
the term olistostrome is a more concise descriptive term than mélange it is still 
partnered with an interpretation of a depositional environment similar to turbidites 
(Jobe et al., 2012). Because of this, structureless, poorly-sorted mudstone-rich 
sedimentary units will be referred to as breccias in the remainder of this thesis. 
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Chapter 3: Research Design and 
Methodologies 
3.1 METHODS 
Geological Mapping and Sampling 
Two field seasons during February 2013 and 2014 were undertaken to map the 
Whakataki Formation coastal outcrop, record stratigraphic logs and collect samples. 
The northern section of the study area (along the coast between 5477000N, 
1874750E and 5580000N, 1875500E) was mapped to provide comprehensive 
geological descriptions of lithological units, stratigraphic associations and structural 
data. Eight stratigraphic logs were completed of the entire outcrop totalling 540 m 
covering approximately 7 km of outcrop. Locations of stratigraphic logs were chosen 
based on availability of outcrop and maximum coverage of all lithological units and 
structural elements. Stratigraphic logs were completed noting bed thickness and 
recognisable sedimentary structures including trace fossils, flame structures, cross 
cutting beds and paleoflow markers such as sole marks. 
Samples were collected using a geological pick, recording location with a Garmin 
eTrex handheld GPS (3 - 5 m accuracy) to examine representative lithologies from 
within the sequence. Samples when collected were marked oriented normal to 
bedding to create thin sections with preserved parallel laminae/cross beds etc. 
Twenty-seven samples were collected during both field trips, eighteen of those were 
constructed into thin sections, nine used for X-ray Diffraction (XRD) and six billets 
were cut for Scanning Electron Microscope (SEM) analysis. Excess samples from 
the southern end of the study area were used for foraminifera identification and 
biostratigraphic age determination.  This was not done for the northern exposure due 
to the high degree of overprinting deformation.  
Structural Analysis 
Sedimentological features such as bedding planes and paleoflow markers were 
measured and plotted on the geological maps and included in stratigraphic logs. This 
is a vital part of the research because tectonic transformations throughout the 
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Miocene, Pliocene and Quaternary have directly affected the recent exposure of the 
Whakataki Formation. The importance of characterising fold and fault geometries in 
reconstructing the structural evolution of basin deposits is outlined in numerous 
works (Naylor, 1981; Hudleston & Lan, 1993; Malo & Kirkwood, 1995; Von Gosen 
et al., 1995; Debacker et al., 2009). All structural and sedimentological markers were 
measured using a Fryberg compass recording dip and dip azimuth including linear 
(paleoflow directions) and planar (foliations, fold limbs, faults) fabrics. Structural 
data were plotted on Stereonet Software (Rick Allmendinger, 2015) and geological 
maps to aid structural reconstruction. Stereonet analysis provides a quantitative 
analysis of post-depositional deformation of the lithological units. Stereonets are 
particularly useful when analysing folds that have undergone multiple stages of 
activation and deformation. Structural fabrics such as folds and faults were measured 
in the field and plotted graphically on stereonets to fully understand their geometries 
relative to the surrounding rock strata.  
When compiling data for cross-section construction, true dip measurements in the 
field were converted to apparent dips. Apparent dip is the inclination of geological 
beds (sandstone/mudstone beds) as seen from any vertical cross-section not 
perpendicular to the strike of the sandstone/mudstone beds (Lahee, 1916; Compton, 
1985). The conversation from true dip to apparent dip was performed using this 
formula (Compton, 1985): 
 
Where: 
 da = apparent dip 
 dt = apparent dip 
 Sb = strike of the beds 
 Sxs = bearing of the cross-section 
Three cross-sections were constructed to exhibit subsurface bed morphology of 
sandstone and mudstone interbeds. Two cross-sections in Chapter 5 were constructed 
in particularly deformed areas, where variably striking beds are common (Figure 5.5, 
Figure 5.6). When plotting the dip of a sandstone or mudstone bed in cross-section, 
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the bed measurement closest to the cross-section line was taken, not an average of all 
measured beds. This ensured a more accurate representation of the subsurface as 
beds from the same limb exhibited dips between 33° and 70°. 
Retrodeformation procedures 
Paleoflow directions such as sole marks and asymmetric ripples presented in Figure 
4.16 have been modified from original orientations measured in the field due to post-
depositional deformation. Reversing the effects of deformation is a two-step 
procedure where deformed beds receive a structural correction using the ‘double tilt’ 
method used in many cases studies (Amajor, 1987; Pettijohn, 1987; Bradley & 
Hanson, 2002). To structurally correct the paleoflow markers using this method, fold 
plunge is firstly removed then bedding is unfolded to horizontal. This method is used 
and outlined in Dott Jr (1974), Krause and Geijer (1987) and Bradley and Hanson 
(2002). All paleoflow data presented in this work in Results and Appendix sections 
are finalised flows that have been unfolded. 
Thin Section Analysis 
Eighteen cover-slip thin sections were constructed, twelve from the southern study 
(sandstone and siltstone beds) area and six from the northern study area (sandstone 
and siltstone beds). Thin section blocks were cut perpendicular to sedimentary 
structures such as laminae and ripples. Blocks were impregnated with resin to 
increase the rocks strength, where they were mounted onto glass slides with clear 
resin and fitted with glass cover slips. Some blocks were impregnated several times 
for increased hardness to ensure samples would remain cohesive during polishing. 
Identification of rock components such as lithic fragments was carried out by 
petrographic analysis. 
Thin sections were made to determine grain size, sorting, rounding and mineral 
abundances (both framework minerals and matrix) by point counting. Quantitative 
analysis is important for sedimentary rocks to understand transportation mechanisms 
and source material and is the most accurate way of describing sedimentary rock 
types. The Wentworth grain size scale was used for classification purposes as it is the 
widely used throughout academia (Wentworth, 1922; Blott & Pye, 2001). Thin 
section construction was limited to sandy/silty samples as the finer grained clay 
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samples were too fine to observe lithic proportions under the microscope (average 
grain size was >6 Φ or 0.01 mm). 
Each thin section’s lithic constituents and matrix was photographed using a Nikon 
Eclipse 50iPOL polarising microscope fitted with a Leica DFC295 digital camera. 
Grain size measurements were taken using these photos that were imported into the 
program ImageJ. Each thin section had a minimum of 300 grains measured along its 
circumference to determine the area of the grain, minimum and maximum axis. To 
ensure grains were not recounted, the thin section photographs were divided into 
square grids with spacing that gives > 300 grid points in the entire image. 
ImageJ produced a .csv file, which was exported to Microscoft Excel, 2007. ImageJ 
measurements recorded as millimetres (mm), which were converted to phi (ф) 
values, rounded to the nearest 0.1 phi value depending on sample size. For example 
0.5mm = 1.0 ф; medium sand. All summarised grain-size data are shown in 
Appendix B and G. Histograms were created in Excel using the maximum axis 
values of each grain to calculate the weight percentage of each sample and its mean 
grain size. The maximum axis value, which is the longest straight line within a grain 
best represents grain size from very well rounded to angular grains. All grain size 
histograms are shown in chapters 4 and 6.  
Mean grain size, standard deviation, skewness and kurtosis were calculated using the 
data gathered using ImageJ. Mean grain size, which is the average grain size of the 
sample can be used to determine an average energy level of the depositional 
environment (Folk & Ward, 1957; Folk, 1966; Blott & Pye, 2001; Sloss et al., 2005). 
Sorting is a measure of the spread, or standard deviation of the grain sizes from the 
mean (Folk & Ward, 1957; Blott & Pye, 2001). Sorting is used to determine the 
maturity of the source; that is highly sorted sediments are mature (Folk, 1966; 
Leeder, 2009).  
Skewness defines the symmetry of sediment distribution as displayed by a frequency 
distribution curve (Folk & Ward, 1957; Blott & Pye, 2001; Sloss et al., 2005). This is 
used to determine the dominance of fine or coarse-grained sediment in a sample. 
When the curve is skewed to the right, which is negatively skewed, there is a higher 
abundance of fine-grained sediment and when the curve is skewed to the left, which 
is positively skewed, there is a higher abundance of coarse grained sediment (Folk & 
Ward, 1957; Blott & Pye, 2001; Sloss et al., 2005; Nichols, 2009).  
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Kurtosis is a measure of the concentration of the data in relation to the mean. This 
describes the degree of flatness or peakedness in a frequency distribution curve (Folk 
& Ward, 1957; Blott & Pye, 2001). Kurtosis may be used with skewness to 
determine the distribution of coarse grains vs fine grains, however the geological 
significance is still unproven (Nichols, 2009). Platykurtic = flat distribution curve, 
mesokurtic = equal flatness versus peakedness, leptokurtic = high peak in 
distribution curve. With regard to this research, skewness and kurtosis relevance is 
unknown and values will be provided in the Appendix B and G, relating to the 
discussion if its importance becomes apparent. 
The four parameters grain size, standard deviation, skewness and kurtosis used in 
varying degrees to quantitatively determine rock fabric were calculated using these 
formulas; 
Phi conversion (grain size):  
߶ ൌ 	െlogଶ ܦܦ଴  
(Krumbein, 1934) 
 
Graphic Standard Deviation:  
 
ߪଵ ൌ 	 ሺ߶଼ସ	– 	߶ଵ଺ሻ4 ൅	
ሺ߶ଽହ	– 	߶ହሻ
6.6  
(Folk, 1957)	
 
Graphic Skewness:  
 
ܵ݇ଵ ൌ ሺ߶ଵ଺	൅	߶଼ସ െ 2߶ହ଴ሻ2ሺ߶଼ସ െ	߶ଵ଺ሻ ൅	
ሺ߶ହ	൅	߶ଽହ െ 2߶ହ଴ሻ
2ሺ߶ଽହ െ	߶ହሻ  
(Folk, 1957)	
 
Graphic Kurtosis:  
ܭீ ൌ 	 ߶ଽହ െ	߶ହ2.44ሺ߶଻ହ െ	߶ଶହሻ 
(Folk, 1957) 
Where: 
 ߶ = phi 
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 D = grain diameter 
 D0 = reference diameter of 1mm 
 ߶x = phi value of the xth percentile  
 Sk1 = graphical skewness 
 KG = Graphical kurtosis 
Point counting is a quantitative method of determining the relative frequency of 
mineral grains in a sedimentary sample (Folk, 1966). The point-counting technique 
used in this work follows the Gazzi-Dickinson method, which counts at least 300 
grains on each randomly selected point that lands on a grain (Gazzi, 1966; 
Dickinson, 1970). Point counting was performed on all thin sections with grains 
larger than 5ф as grains smaller were too difficult to identify at 40x magnification. 
Point-counting is useful as the abundance of certain minerals is associated with its 
maturity and therefore source (Dickinson, 1985; Johnsson & Basu, 1993). The same 
technique was used to determine the percentage of framework minerals versus 
matrix, counting at least 300 points. The percentage of matrix relative to framework 
minerals helps determine rock maturity and its potential as a petroleum reservoir 
(Boles, 1981; Worden et al., 2000; Abdou et al., 2009).  
X-ray Diffraction 
Samples that were too fine-grained to be observed under a microscope (40x 
magnification) were analysed using X-ray Diffraction (XRD) to determine mineral 
abundance and percentage. It is important to understand the bulk mineral percentages 
of each rock type to understand transportation mechanisms and source material. 
Determining the finer sized grains also determines the exact percentage of cement 
minerals and matrix, which helps interpret diagenesis. 
XRD can be used to obtain information on both crystalline and noncrystalline 
(amorphous) materials (Bish & Post, 1989). All minerals have a unique set of 
molecules that make a framework and this framework is referred to as a lattice (Bass, 
1995). Each minerals lattice reacts differently when x-rays are diffracted from them, 
which gives unique information and can be calculated using XRD analysis software, 
X’pert Highscore Plus© (Bish & Post, 1989). 
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When an x-ray strikes an atom, the wavelike character of the x-ray causes all parts of 
the atom, the electrons, protons and neutrons to vibrate (Wilson, 1970). The electrons 
begin to vibrate and re-emit radiation, which is called scattering. Every scattering 
pattern is unique for different elements, as each element has a unique number of 
electrons. Therefore, each crystal lattice with a set number of atoms will emit a 
unique scattering pattern. This scattering pattern is analysed by the X-Ray 
Diffractometer and through software analysis and interpretation. X-rays are used for 
diffraction on minerals because they have short wavelengths and high frequencies, 
which results in high energy and allows X-rays to penetrate them.  
Nine samples from the northern exposure of the Whakataki Formation were chosen 
for XRD analysis and clay fraction XRD. These samples were chosen because they 
are mudstones with mineral grains too fine to observe under a microscope (>6ф). 
Framework and matrix minerals of sand/silt/mudstones reflect derivation from 
various provenance terranes that depend upon tectonic setting. XRD can provide 
primary evidence for provenance and acts as a supplementary analysis to 
petrography. Samples for XRD were interpreted using PANalytical B.V. software 
X’Pert Highscore Plus © Version 3.0. 
Bulk Sample XRD 
To prepare samples for bulk sample XRD analysis, 3g of each sample was prepared 
for pulverising to 40 µm in a Siebtechnik laboratory disc mill using a chrome steel 
grinding barrel and rings. The grinding barrels and rings were rinsed and washed 
with water and dried with ethanol between samples to ensure no contamination.  
2.7 g of pulverised sample and 0.3 g of corundum was then ground even further 
using a McCrone micronising mill with corundum milling beads. Samples were 
tipped into the milling jar with ethanol, where it was ground for 6-minute cycles. The 
ethanol soaked samples were then poured into marked glass beakers and left in an 
oven at 60°C for overnight drying. Milling jars were rinsed three times with ethanol 
and dried between each sample to ensure no contamination. The dried samples were 
scraped from the beaker into a plastic bag using a razorblade and paper towel. Once 
in the plastic bag, samples were rolled and mixed between forefinger and thumb to 
break up any dried clumps to ensure a homogenous texture. The homogenous powder 
was then mounted into an XRD powder mount ready for analysis.  
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Each sample was analysed on a PANalytical X’Pert PRO X-ray ® diffractometer 
(radium 240 mm), on a sample stage that was a reflection-transmissions spinner 
PW3064/60 set to spin. Incident radiation was produced from a PW3373/00 CU LFF 
DK375107 goniometer with a copper anode, operating at 40mA and 40 kV, which 
passed through a fixed divergence slit of 0.5° at a start position of 3.5084° 2Ɵ. The 
beam moved at a step size of 0.0167° 2Ɵ with a scan step time of 55.245 seconds 
finishing an end position of 74.9992° 2Ɵ.   
Clay Fraction XRD 
To prepare samples for clay fraction XRD they had to be disaggregated 
(approximately 0.5cm-1cm rock chip) with an agate mortar and pestle. After this 
process samples were broken apart but not crushed so that clay particles remained 
unfractured. Samples were then placed into a 20mL vial filled with tap water and 
then subjected to ultrasonic vibration using a Branson Sonifer B-12 sonic probe until 
they were sufficiently broken apart. One drop of ammonia was added to each sample 
to prevent flocculation of clay particles in suspension, which were then shaken by 
hand to mix.  
Each sample was shaken vigorously for at least a minute and then left alone on a 
bench for settling purposes. After six minutes of settling, the top two millimetres of 
suspended liquids was drawn up with a glass pipette. The two millimetres of liquid 
with clay particles was then squeezed from the pipette onto a polished glass slide and 
allowed to dry for at least 8 hours until all traces of water had evaporated. Samples 
were analysed in their natural dry state. 
Each sample was analysed on a PANalytical X’Pert PRO X-ray ® diffractometer 
(radium 240mm), on a sample stage that was a reflection-transmissions spinner 
PW3064/60 set to spin. Incident radiation was produced from a PW3376/00 Co LFF 
DK401949 goniometer with a cobalt anode, operating at 40mA and 40 kV, which 
passed through a fixed divergence slit at a start position of 2.0084° 2Ɵ. The beam 
moved at a step size of 0.0167° 2Ɵ with a scan step time of 19.685 seconds finishing 
an end position of 41.9984° 2Ɵ.   
Age dating 
Foraminferal faunas were collected from the southern part of the study area for 
biostratigraphic purposes. Foraminiferas were not analysed of the northern 
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Whakataki Formation due to structural reworking. Samples high in clay were highly 
dispersive and therefore easiest to break down and were chosen for foraminiferas 
spotting. Seven clay-rich samples were placed in tubs of water for over a week for 
complete disaggregation. Once the rock samples were disaggregated into sediments 
they were placed in a glass beaker and left to dry in an oven overnight at 50°C. Dried 
samples were set in separate marked containers with a gridding system, which 
allowed systematic inspection under a stereomicroscope. Few foraminiferas were 
spotted under the microscope, were fractured and because of this, age dating was not 
completed. Previous works defining the Whakataki Formation as 23.5 – 20.5 Ma 
(Morgans et al., 1996) was used and the few foraminiferas spotted aided depositional 
environment interpretation. 
Scanning Electron Microscope 
The SEM provides elemental abundances in rock types and can visualise samples up 
to x1000’s magnification. This technique is helpful for understanding mineral 
abundances in specific areas of the rock, rather than the whole sample. This was 
important for pinpointing certain mineral types that are difficult to define under a 
petrographic microscope due to common and indistinguishable optical 
characteristics. 
Six rock samples from the northern exposure were polished for analysis on the 
scanning electron microscope (SEM analysis). A SEM can produce images of rock 
samples by scanning them with focused beams of electrons. Atoms and electrons 
interact to create unique signals that are detected and contain information about the 
rock samples surface lattice topography and composition. A SEM can produce high-
resolution photographs of rock samples as well as chemical formulas for minerals in 
the rock samples. The chemical formulas will be used to determine the mystery 
mineral.  
Four of the six samples were clayey sand with some coalified material while the 
other two samples were greensand. Greensand is especially important to test using 
the SEM to determine the unidentified green mineral. Numerous papers have referred 
to this mineral as glauconite or simply mentioned greensand, however they have not 
quantitatively identified the mineral using this analysis (Chanier & Ferriere, 1991; 
Neef, 2002). 
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To prepare, the six samples for SEM analysis were cut from the rock samples to form 
billets (rectangular blocks). The billets were then impregnated twice using Renlam 
resin and HY956 hardener to give the billets strength so they wouldn’t crumble 
during polishing. Billets were initially polished on the 65 micron polishing cloth, 
then stepped down to 45, 15, 9, 3 and then 1 micron until the billets were completely 
polished with a flat surface ready for the SEM. 
Billets were loaded into the SEM separately for analysis into the Hitachi TMS3000 
model. TMS3000 and Quantax 70 software was used to produce images of the billets 
at magnifications greater than 100x up to 1000x times, as well as elemental 
abundances and percentages. 
3.2 SOURCES OF POTENTIAL ERROR 
Samples analysed for the identification of facies and their components were collected 
from the field based on the accessibility of individual beds and their preservation. 
These samples are assumed to represent the facies as a whole regardless of their 
position within the bed (base or top). To understand the facies lateral extent, 
sampling of the same facies at different locations was undertaken to determine 
changes in lithic abundance, grain size, shape and sorting. Sedimentological textures 
may have been affected by faulting resulting in compaction reducing pore space and 
alteration of primary features of lithic grains and matrix cement. Fault displacement 
has lateral facies analysis or stratigraphic correlation difficult to determine and open 
to error (Chapter 6). 
Structural analysis 
Structural measurements of fold limbs, foliations, sigmoidal clasts using a Fryberg 
compass are subject to error by rounding to the nearest 5°, a common practice in 
many recent studies (Dott Jr, 1974). Field measurements were never taken this way, 
rounding to the closest degree, with a small intrinsic human error (likely 5 – 10° 
error). Individual foliations in mudstone beds extend up to 15 m and have variable 
trend directions up to 40° (from 340° to 020° for example). Averages in the field 
were determined, however these are open to minimal error as well. Plotting all folds 
in the Stereonet program (Rick Allmendinger, 2015) is not subject to error in its 
depiction of fold limb geometry, which is why this method was chosen over hand 
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drawn stereonets (for algorithms behind the program see (Cardozo & Allmendinger, 
2013). 
Paleoflow analysis chapter 4 
Retrodeformation analysis of paleoflow markers are subject to inevitable error (Dott 
Jr, 1974). A 2° error in measuring sole markers with dipping beds of 30° yields a 
paleocurrent error up to +/-4° (Dott Jr, 1974). For a 10° dipping bed, a 2° 
measurement error could yield a paleocurrent error as great as +/- 12°, as gentler 
dipping beds increase the potential error (Bradley & Hanson, 2002). At any given 
outcrop slight bias arises in steeply dipping over gentle beds as they provide the 
greatest exposure. These conditions favour observations of paleoflow markers 
farthest north, where beds dip upwards of 80° (Bradley & Hanson, 2002). 
Thin section analysis 
Point counting framework minerals to determine the modal percentage was 
undertaken using a gridding system inclined to little error due to systemic inspection. 
The point counting system is still open to error as larger grains are easier to identify, 
where some minute grains may be mistaken for fine-grained cement matrix, and not 
interpreted as a quartz, feldspar or lithic grain. Smaller grains are more likely to be 
simply interpreted as quartz as twinning and slight recrystallisation is harder to spot 
in grains >4Φ or 0.5 mm. 
Grain size analysis using ImageJ is subject to greater chances of error as grains with 
a larger surface area have a greater probability of selection. The gridding system 
prevented the chances of counting the same grain twice and made the process as 
random as possible. At least 300 grains were counted for point counting purposes as 
well as grain size analysis that returns at least a 95% confidence rate (van der Plas 
and Tobi, 1965), however modal percentages are likely to display slightly coarser 
grained results. This confidence rate is assumed to represent the whole thin section, 
whole sample and therefore the facies as well. 
X-ray Diffraction 
X-ray Diffraction is strictly quantitative that has no error when the correct 
parameters are set and the samples are prepared correctly. Small chances of error 
arise when preparing the samples through possible contamination from sampling, 
crushing and pulverising. For the X-rays to perfectly diffract and define the minerals 
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within the sample and their percentages, samples must lie flat within the PANalytical 
X’Pert PRO X-ray ® diffractometer and have intact crystal lattices (not too heavily 
fractured due to crushing from faulting or shearing). When these two variables are 
not met diffraction cannot be completed resulting in undefracted material and partial 
error. Samples with greater than 10% undefracted material must not rely on the 
analysis to interpret relative abundances, instead used as a means for determining the 
presence of minerals only. The undefracted material might represent a completely 
eroded and completely unknown mineral with a broken lattice or it might represent 
typical minerals such as quarts, feldspar or fine-grained clays. This is a common 
occurrence in most sediments especially weathered and mixed layer clays, therefore 
individual minerals require analysis through other means including a Scanning 
Electron Microscope or Electron Microprobe. 
Scanning Electron Microscope 
There are several limitations of the Scanning Electron Microscope when analysing 
rock samples at great magnification that can result in error. First, the SEM projects 
images in grey based on the nucleus density of individual elements, which limits the 
capability to identify minerals based on colour, specifically minerals that aren’t 
identified currently.  Minerals rich in elements of higher atomic mass (such as iron, 
magnesium) will appear brighter however if the mineral is unknown this is not a 
helpful means of identification. 
Secondly, samples chosen for SEM were dominantly fine-grained mudstone, which 
made it difficult to polish billets to a standard fit for observation under the SEM. The 
billets would require two rounds of resin impregnation so they would not crumble 
during polishing. Substantial polishing would still result in an irregular surface, 
which limits the capability for SEM software to calculate each minerals elements. 
Finally, the process of using the SEM has many factors limiting element definition 
including the inability to create a vacuumed chamber (imperfect machine) resulting 
in lessened image resolution. Within the machine and during sample preparation, 
contamination is also a factor from dust and hydrocarbons from a finger during 
emplacement of the sample into the SEM. 
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Chapter 4: The structural-stratigraphic 
reconstruction of the southern 
Whakataki Formation 
4.1 FIELD OBSERVATIONS AND INTRODUCTION TO THE SOUTHERN 
WHAKATAKI FORMATION (5471500N, 1873000E TO 5476000N, 
1874600E) 
The Whakataki Formation has a variety of variably deformed sedimentary units 
extending for eight kilometres along the eastern coast of the North Island, New 
Zealand (Figure 2.8). Herein, this chapter is focussed on laterally extensive 
centimetre-scale sandstone and mudstone interbeds that extend from 5471500N, 
1873000E to 5476000N, 1874600E 6 km north of Castlepoint in the Wairarapa 
region (Figure 4.1). The flat-lying coastal exposure extends for 200 m from land to 
shore during low tide to reveal laterally-extensive and steeply-dipping sandstone and 
mudstone beds that exhibit multiple sedimentary structures. Differences in erodibility 
result in topographic irregularity between the highly relieved sandstone beds and the 
lower mudstone beds (Figure 4.2). 
Three detailed stratigraphic columns, incorporating approximately 120 m of 
stratigraphy were completed noting primary sedimentary features, including bedding 
thickness, grain size, composition, ichnofossils and paleoflow markers. The high dip 
angle of the interbeds suggests post-depositional deformation has altered stratigraphy 
and will be discussed beforehand to provide context for the coastal outcrop 
sedimentological research. 
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Figure 4.1. Summarised geological map displaying sandstone and mudstone dip and dip azimuths of 
the southern Whakataki Formation. The cross-section exhibits extended bedding plants to present the 
unseen subsurface. Stratigraphic log 1, 2 and 3 are represented by matching numerals on the map and 
cross-section, total stratigraphy logged shown as red lines (40 m of stratigraphy for each log). 
Markings along the cross section are apparent dips and extended bedding planes are interpretations on 
fold bend geometry. Bedding plane measurements were taken by Dr Christoph Shrank and Craig 
Ballington. For apparent dip conversions see Table A1. 
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Figure 4.2. Laterally extensive sandstone and mudstone beds of the southern Whakataki Formation. 
Photo taken facing south (left) and taken facing north (right) at the same location, 5472000N, 
1873330E (Figure 4.1.). 
4.2 STRUCTURAL ANALYSIS AND STRATIGRAPHIC 
RECONSTRUCTION 
The sandstone and mudstone interbeds north of the Okau Stream dip between 6° and 
89° towards the southeast (~ 150°) and beds south of the Okau Stream dip between 
14° and 53° toward the northwest (~ 310°, Figure 4.1). Numerous fractures and 
faults of variable strike cross-cut sandstone and mudstone beds, some faults extend 
up to 20 m in rare cases with a maximum of 1 m offset (average <20 cm) (Figure 
4.3).  
 
Figure 4.3. Fault displacement of sand and mud interbeds up to 20 cm offset. 
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In cross-section the extended bedding planes reveal a synclinal geometry (regular 
occurrence of younging directions such as grading, contacts between planar-bedded, 
and rippled sandstone, sole marks and trace fossils providing a consistent upward 
younging (Jobe et al., 2012). Bedding planes from both limbs of the syncline plotted 
on an equal area stereonet define an average fold axial plane of 235° and plunge of 
10° (Figure 4.4). 
 
Figure 4.4. Stereonet (equal area, lower hemisphere) projection of the poles to dip and dip azimuth 
data. Northern dips/dip azimuth poles denoted by black squares, southern dips/dip azimuth poles: 
circles, fold π-plane: solid black line, fold axis: open square and fold axial plane: dashed line. 
The syncline is approximately cylindrical (Reches, 1978; Ramsay, 1987), 3200 m 
wide and 730 m deep (Figure 4.1). The interlimb angle, which is the angle between 
the tangents to the folded surface constructed at the inflection point is 120° (distance 
between averaged black squares and circles along the solid black line, Figure 4.4), 
which is a gentle fold (Ramsay, 1987). The aspect ratio is the ratio of the vertical 
length to the horizontal length of the fold, and is measured as 0.23 (730/3200 m), 
classifying it as a wide fold (Ramsay, 1987; Hudleston & Lan, 1993). The radius 
ratio is the measure of fold bluntness and is determined by calculating the ratio of the 
fold to a perfect reference circle (Ramsay, 1987). Reference circles overlain on the 
cross-section give a radius ratio between 0.9 and 1, classifying the fold as rounded 
(Ramsay, 1987; Cosgrove & Ameen, 1999). Finally, by analysing the bluntness and 
dip isogons of the syncline in cross-section (Figure 4.1), the fold type is class 1B 
(Ramsay, 1967, 1987), which assumes the syncline preserves constant orthogonal 
thickness (Ramsay, 1987). The dip isogons of the syncline are sharp, which 
accurately projects steep to shallow dipping beds closer to the syncline hinge (Figure 
4.1). Stratigraphic log 1 represents the basal section of the syncline, overlain by 
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stratigraphic log 2 separated by 40 m. Stratigraphic log 3 overlies log 2, separated by 
310 m. 
4.3 SEDIMENTOLOGY AND STRATIGRAPHY 
4.3.1 Sedimentological analysis 
The reconstructed syncline defines a total 730 m of stratigraphy (true thickness). 
Consistent throughout stratigraphy are reoccurring sequences of normally-graded 
sediments initiated by massive and fine-grained sandstones that grade normally into 
finer-grained sandstone or massive mudstone beds with varying sedimentary 
structures. Each package from massive sandstone to massive mudstone is between 10 
cm to 50 cm thick and repeats throughout the stratigraphy. The general 
characteristics of individual facies within each sequence are described in Table 4.1, 
based on a descriptive scheme cross-referenced to Bouma (1962) with modern 
revisions from Kneller and Branney (1995) and Johnson et al. (2001). The mineral 
and matrix abundances of the described facies are presented in Table 4.2, Table 4.3 
and Table 4.4. 
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Table 4.1  
Facies descriptions of the southern Whakataki Formation sandstone and mudstone beds based on Bouma (1962). Complete grain size data presented in Appendix B 
Facies Lithological description Occurrence 
Massive 
sandstone 
Massive, moderately-sorted (standard deviation = 0.74) very-fine sandstone (mean grain size = 3.95) 
with erosional bases and normally-graded to planar sandstone facies (3.95 – 4.19). Massive 
sandstones are variably thick between 1 – 15 cm. 
Very rare, ~ <1% of outcrop. 
Planar 
sandstone 
Planar-bedded (>1 cm thick laminae), moderately well-sorted (0.60) fine sandstone/coarse siltstone 
(4.19) with erosional bases and occasional sole marks, normally-graded to rippled sandstone (4.19 – 
4.47). Planar sandstones are variably thick between 1 – 27 cm. 
Rare, ~10% of outcrop. 
Rippled 
sandstone 
Ripple cross-laminated (<0.5 cm thick laminae) or convolute bedded, moderately well-sorted (0.68) 
coarse siltstone (4.47) with erosional bases and occasional sole marks if it is not normally-graded into 
by a preceding planar sandstone bed. Rippled sandstone beds normally-grade into planar siltstone 
facies (4.47 - 5.14) and are variably thick between 1 – 54cm. 
Variable throughout stratigraphy, 
range between 25% and 51% of all 
sequences. 
Planar 
siltstone 
Massive and planar/parallel laminated (<1 cm thick), moderately well-sorted (0.50) medium siltstone 
(5.14) normally-graded to massive mudstone facies. Planar siltstones are variably thick between 1 – 
29 cm with an average bioturbation index of 2. 
Common in all sequences at an 
average of ~25%. 
Massive 
mudstone 
Massive mudstone (>5.14) characterised by sharp contacts into the erosional base of sandstone facies 
(massive, planar, rippled). Massive mudstones are variably thick between 1 – 27 cm with an average 
bioturbation index of 2. 
Highly variable, common at 51% in 
some sequences and 2% at other 
parts of stratigraphy.   
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Table 4.2  
X-ray Diffraction analysis of the sandstone and mudstone facies of the southern Whakataki 
Formation. Massive and planar sandstone facies are analysed as one sample as the sample taken 
from outcrop was thin, <5 cm and normally-graded. Numbers are percentages (Typical trace pattern 
presented in Appendix C) 
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54.9 - 18.3 9.3 - 1.2 0.7 2.9 - 1.6 - 11.0 
Rippled 
sand 
41.6 4.3 19.2 7.1 - 2.4 0.3 5 0.2 1.4 - 18.4 
Planar 
silt 
32.6 2.6 18.3 4.9 1.9 2.5 0.3 10.1 0.5 0.7 0.
4 
25.1 
Massive 
clay 
20.4 4.2 15.2 3.4 - 10.8 - 15.3 0.2 0.7 - 29.8 
 
XRD analysis of the sandstone and mudstone beds returns a high percentage of 
undefracted material; therefore its interpretation of relative mineral abundances is 
inaccurate (limitations presented in the Methods section). Point counting will be used 
as a supplementary analysis to determine exact framework minerals and matrix 
abundance (Table 4.3).  
Table 4.3  
Averaged lithic proportions of sandstone facies, southern Whakataki Formation (100% = all 
framework minerals, not counting matrix) 
Facies No. 
Samples
Total 
grains 
counted 
Quartz % Feldspar % Lithic % 
Massive 
sand 
2 773 442 57.2 190 24.6 141 18.2 
Planar 
sand 
8 3049 1781 58.4 646 21.2 622 20.4 
Rippled 
sand 
8 3092 1818 58.8 691 22.3 581 18.8 
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Table 4.4  
Matrix percentage of sandstone facies, southern Whakataki Formation  
Facies Total 
grains 
counted
Framework 
minerals 
% Matrix % 
Massive 
sand 
323 271 83.86 52 16.14 
Planar 
sand 
351 295 84.15 56 15.85 
Rippled 
sand 
330 278 84.24 52 15.89 
 
 
 
Figure 4.5. 3D QFL diagram including matrix percentage of sandstone facies, southern Whakataki 
Formation. Red triangle represents an average matrix percentage of all facies. Adapted from (Dott Jr, 
1964). 
Massive sandstone facies description 
This facies is a feldspathic wacke when applying the classification scheme proposed 
by Dott (1964) setting the boundary between arenites and wackes at 5% matrix. 
Framework minerals include monocrystalline quartz, multiple twinned plagioclase 
(albite composition), and simple twinned potassium feldspar (microcline 
composition). Major lithic fragments are dominantly physically altered feldspar 
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grains and an unknown, dark-green, amorphous clay mineral that exhibits several 
mineral habits. Major framework constituents are equant and platy, sub-angular to 
sub-rounded and clast fabric is random with dominantly point, long and rarely 
concavo-convex contacts (Figure 4.6 and Figure 4.12). 
 
Figure 4.6. Photomicrographs of the feldspathic wacke displaying fabric, grain habit, rounding and 
contacts. Left photo is crossed polarised light, right plain polarised light. C = concavo-convex, L = 
long, P = point. 
The first habit of the green clay lithic is a fine-sand sized, sub-rounded framework 
clast with a well-defined mineral boundary, point and long contacts with adjacent 
framework minerals. This mineral is rarely surrounded by weakly-defined calcite 
cement and constitutes 3.1% of all framework minerals. Often times larger green 
minerals are physically eroded showing evidence of mineral clast deterioration. The 
dark-green mineral is also very-fine/coarse silt sized, elongate and fragmented with 
an ill-defined mineral boundary forming within matrix (low relief). SEM analysis of 
both mineral habits (well-defined framework mineral versus matrix mineral) was 
undertaken to define its chemical composition (Figure 4.7). 
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Figure 4.7. Scanning Electron Microscope analysis of the dark-green lithic in sandstone facies. 
Elemental percentages represented within yellow cricles. Tellurium represents the element calcium in 
this analysis. 
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Figure 4.8. Scanning Electron Microscope analysis of the unidentified dark-green mineral in the 
matrix of the sandstone facies.  Top right photomicrograph shows iron-rich areas highlighted by pink 
representing the dark-green mineral and potassium-rich areas (yellow) that represent K-feldspars. 
SEM analysis shows that the green mineral is rich in iron and aluminium with minor 
traces of magnesium, sodium and calcium (Figure 4.7 and Figure 4.8). The 
framework green mineral (Figure 4.7) has higher abundances of iron relative to the 
ill-defined matrix mineral (Figure 4.8) however all other elements are in the same 
ratios. The limitations of this analysis are presented in the Methods section, which 
explain why samples do not have complete 100% elemental abundance. The 
elemental compositions of both framework and groundmass green minerals are alike 
to the clay mineral glauconite. 
Other clays and accessory minerals within the massive sandstone facies such as 
muscovite, montmorillonite, chlorite and diopside encompass the matrix (16.1%). 
The clay matrix is very fine-grained and incoherent, observed rarely as thin linings of 
framework clasts. Calcite is the most abundant cementing agent, averaging <5% bulk 
rock volume distributed consistently throughout the massive sandstone and rarely 
observed as thin linings of framework minerals. Calcite crystals are fine-grained 
between 4 and 30 μm, dominantly sparry, not micritic when using Folk’s (1959) 
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classification scheme. Textural and compositional differences in calcite cements 
cannot be accurately defined due to its consistent fine-grained size. The abundance of 
fine clays in matrix and calcite cement reduces pore space to <5%. 
Rare foraminiferas are observed in the massive sandstone facies, although many are 
too fragmented to confidently interpret as foraminiferas. Only two foraminiferas are 
relatively intact and preserved in thin section, allowing identification and inference 
of a possible species (Figure 4.9). Foraminiferas species are identified by the 
morphology of the tests including chamber arrangement and aperture style (primary 
opening within the test or between test elements) (Loeblich & Tappan, 1964). The 
test arrangement of the foraminiferas appears closest to larger benthic (elongate) and 
planktic (rounded) foraminifera species that live in marine environments (Loeblich & 
Tappan, 1964). 
 
Figure 4.9. Photomicrographs (top is plain polarised light, bottom crossed) of foram species in the 
massive sandstone facies. The top photographic example is a Helicolepidina cf nortoni foram species 
(elongate species) and the bottom example is a typical planktic foram species (Loeblich & Tappan, 
1964). 
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Planar sandstone facies description 
This facies is a feldspathic wacke with equant and platy, sub-angular to sub-rounded 
grains (Figure 4.12) (Dott, 1964). This facies preserves slight imbrication of mineral 
grains (imbrication aligned diagonally, Figure 4.12). Point and long contacts are 
common with rare concavo-convex grain boundaries. Framework minerals include 
monocrystalline quartz, albite, microcline and glauconite (5.5%).  
Clays such as muscovite, montmorillonite, chlorite and glauconite are observed in 
matrix (15.9%) and are very fine-grained, rare as framework clast linings. Calcite is 
the most abundant cementing agent, is dominantly sparry, averaging <5% bulk rock 
volume distributed evenly throughout the facies, observed rarely as framework 
mineral rims, mostly common around quartz and glauconite. Textural and 
compositional differences in calcite cements are difficult to accurately define due to 
its consistent fine-grained size. The abundance of clays in matrix with calcite cement 
reduces pore space to <5%.  
Rippled sandstone facies description 
This facies is a feldspathic wacke with equant and platy, sub-angular to sub-rounded 
grains (Figure 4.11) (Dott, 1964). Clast fabric is massive, where contacts are 
dominantly point, long and concavo-convex. Framework minerals include 
monocrystalline quartz, albite, microcline and glauconite (4.8% of framework clasts). 
Clays such as muscovite, montmorillonite, chlorite and glauconite dominate matrix 
(15.9%) with accessory pyrite (<1% of total rock fabric) (Table 4.2). Calcite is the 
dominant cementing agent, averaging < 5% bulk rock volume pervasive throughout 
the facies. Textural and compositional differences in calcite cements are difficult to 
accurately define due to its consistent fine-grained size. The abundance of clays in 
matrix with calcite cement reduces pore space to <5%.  
Planar siltstone facies description 
This facies is an estimated feldspathic wacke with equant, sub-angular to sub-
rounded framework grains (Figure 4.10) (Dott, 1964). Clast fabric is massive with 
abundant point contacts. Framework minerals include monocrystalline quartz, albite, 
microcline and glauconite (rare, <5% of total framework clasts). Clays and accessory 
minerals such as muscovite, montmorillonite, chlorite, kaolin, gypsum, diopside and 
pyrite comprise approximately 20% of the total rock fabric as matrix (Table 4.2). 
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Calcite is the dominant cementing agent, averaging <5% bulk rock volume. The 
distribution of calcite in thin-section is relatively pervasive. Textural and 
compositional differences in calcite cements cannot be accurately defined due to its 
consistent fine-grained size. Similarly pore space is undefinable due to the incoherent 
nature of the rock fabric and fine-grained matrix. 
Black, coalified and wavy mud clasts extend in a localised corner in the thin section 
averaging <20 μm thick, ~100 μm long and >10% of the thin section (Figure 4.10). 
The wispy mud clasts share point and long contacts with framework minerals and are 
not pore filling. Small microfractures <200 μm thick bisect the massive fabric 
however due to the dispersivity of the mud-rich facies, the microfracture could 
potentially be an area where rock has been polished off. 
4.3.2 Stratigraphic analysis 
Three stratigraphic logs have been completed to illustrate bed thicknesses, contacts 
and sedimentary structures within different locations of the southern Whakataki 
Formation syncline, combining for a total 120 m (full stratigraphic logs in Appendix 
D) 
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Figure 4.10. 2 m representative of stratigraphic log 1 with observable primary structures. Full log in 
Appendix D. Scale on photomicrographs is 200 μm. M.S = massive sandstone, P.S = planar 
sandstone, R.S = rippled sandstone, P.Sl = planar siltstone, M.M = massive mudstone. 
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Figure 4.11. 2 m representative of stratigraphic log 2 with observable primary structures. Full log in 
Appendix D. Scale on photomicrographs is 200 μm. M.S = massive sandstone, P.S = planar 
sandstone, R.S = rippled sandstone, P.Sl = planar siltstone, M.M = massive mudstone. 
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Figure 4.12. 2 m representative of stratigraphic log 3 with observable primary structures. Full log in 
Appendix D. Scale of photomicrographs is 200 μm. M.S = massive sandstone, P.S = planar sandstone, 
R.S = rippled sandstone, P.Sl = planar siltstone, M.M = massive mudstone. 
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Differences in facies characteristics including bed thickness, total thickness of each 
facies and sand versus mud ratios are illustrated in Figure 4.13, Figure 4.14 and 
Figure 4.15. All paleoflow markers from the sandstone facies are presented in Figure 
4.16. 
 
Figure 4.13. Facies distribution; stratigraphic log vs total facies thickness. 
 
Figure 4.14. Facies distributions; stratigraphic log vs average facies thickness. 
 
Figure 4.15. Stratigraphic log vs mudstone and sandstone percentage. Massive sandstone, planar 
sandstone and rippled sandstone facies represent the sand interval (pink) and planar siltstone and 
massive mudstone facies represent mud (blue). 
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Figure 4.16. Paleocurrent rose diagram plotted over Schmidt net (Rick Allmendinger, 2015) with 
coastline for reference (all data presented in Appendix A). The outer circumference represents 18% of 
the total flow data (total of 4 data points).  Black diamonds denote up dip markers, they point away 
from the centre of the net, circles are down dip markers that point towards the centre. The final 
paleoflow measurements and calculations outlined in the Methods section (measurements compiled by 
Craig Ballington). 
Stratigraphic log 1 description 
This stratigraphic log is characterised by thin-bedded sequences of planar sandstone 
facies to massive mudstone facies with an average sequence thickness of 18 cm 
comprising 25% sandstone and 75% mudstone (Figure 4.15). Complete sequences 
are unobserved, with absent massive sandstone facies (Figure 4.13 and Figure 4.14) 
(Bouma, 1962). Planar sandstone facies are rare and represent the first facies of the 
sequence <1% of the time. The facies are thin (average 3 cm) with typically well-
preserved parallel bedding and normally-grade into rippled sandstone facies (35 m, 
Figure D2.). Sole marks on the bases of planar sandstone facies are common 
between 8 and 15 m (Figure D2.) providing a dominant flow direction between 20 – 
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40° (Figure 4.16 and Figure 4.17, technique of unfolding provided in Methods 
section).  
 
Figure 4.17. Oblique linear sole marks on the base of planar sandstone facies, (3 m into stratigraphic 
log 1, Figure D2.). Paleoflow markers were measured across the entire field site where data are 
available; not measured exclusively on stratigraphic logs. 
Most commonly the stratigraphy is comprised of repeating rippled sandstone (25%) 
normally-graded to planar siltstone (23%) and thick-bedded, massive mudstone 
facies (51.75%). Together these facies sequences comprise >99% of stratigraphic log 
1 and are consistent in bed thickness throughout (Figure 4.14). Within these 
commonly occurring sequences localised <5 mm wisps of carbonaceous mudstone 
comprise <10% of individual beds, common at 18, 24 and 37 m (Figure D2.). An 
average for carbonaceous material is undeterminable because within each observed 
bed the material is laterally restricted through each bed. 
Planar siltstone and massive mudstone facies are commonly bioturbated with a 
variety of trace fossils, consistent throughout stratigraphic log 1 (Figure 4.18). 
Common trace fossils include Chondrites, Lorenzinia, Skolithos, Planolites and 
Cruziana. Zoophycos and Nereites are not as consistent throughout, common and 
well-preserved between 6 – 12 m in thick massive mudstone facies (Figure D2.). 
Skolithos and Lorenzinia are abundant between 17 – 25 m in moderately thin-bedded 
planar siltstone and massive mudstone (Figure 4.18 and Figure D2.).  
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Figure 4.18. Trace fossils of stratigraphic log 1. A. Chondrite trace fossils right of hammer (6 m, 
Figure D2.). B. Cruziana trace fossils left of hammer approximately 5 cm long (15 m, Figure D2.). C.  
Branching Lorenzia trace fossils left of hammer (16 m, Figure D2.). D. Planolites trace fossils (17 m, 
Figure D2.). 
Stratigraphic log 2 description 
Stratigraphic log 2 comprises of thin-bedded sequences of planar sandstone facies to 
massive mudstone facies with an average sequence thickness of 18 – 20 cm, 
comprising of 30% sandstone and 70% mudstone (Figure 4.15). Massive sandstones 
are rare (<1%), Figure 4.13 and Figure 4.14) observed once as a thick 15 cm bed 
with an erosive base and sharp contact to a planar sandstone (20 m, Figure D3.). 
Planar sandstone facies are also rare (3%) and have erosive bases with elongate sole 
marks providing a dominant NNE and rare SW paleoflow (Figure 4.16).  
The stratigraphy is characterised by the repetition of rippled sandstone (29%), planar 
siltstone (31%) and massive mudstone facies (38%). Sedimentary structures of 
rippled sandstone facies are varied with the occurrence of convolute bedding, 
common at 36 m in Figure D3. in thin beds <4 cm thick. Rippled sandstone beds 
grade sharply into fine-grained siltstone facies are variably weathered resulting in 
poorly-preserved laminae. Localised <5 mm wisps of carbonaceous mudstone 
comprise < 10% of individual beds, common at 4 m and 15 - 16 m in Figure D3. An 
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average for carbonaceous material is undeterminable because within each observed 
bed the material is laterally restricted through each bed. 
The abundant planar siltstone and massive mudstone facies are commonly 
bioturbated with a variety of trace fossils, consistent throughout stratigraphic log 2 
(Figure 4.19). Bioturbation is observed in parts of stratigraphic log 2 and consists of 
Chondrites, common in massive mudstone facies up to 25 cm thick (14 m, Figure 
D3.). Skolithos and Cruziana trace fossils are less common than Chondrites, present 
in parts of the stratigraphic log in thin-bedded planar siltstone and massive mudstone 
successions with sharp contacts (Figure 4.19) (26 – 30 m, Figure D3.) 
 
Figure 4.19. Trace fossils of stratigraphic log 2. Left photograph exhibits Cruziana trace fossils right 
of hammer (2 m, Figure D3.) right photograph shows a small Planolites trace fossil right of hammer 
(29 m, Figure D3.). 
Stratigraphic log 3 description 
Stratigraphic log 3 is characterised by thin-bedded sequences of planar sandstone 
facies to massive mudstone facies averaging 30 cm comprising of 80% sandstone 
and 20% mudstone. Massive sandstone facies are rare (<1%), Figure 4.13 and Figure 
4.14) observed twice as thin 4 cm beds with erosive bases and sharp contacts to 
planar sandstone facies. Sole marks provide a variable paleoflow direction toward 
the west, northwest and east (10 and 16 m, Figure D4.). Sole marks are relatively 
rare and heavily eroded however few asymmetric structures are observed on the 
bases of planar sandstone facies (Figure 4.20). 
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Figure 4.20. Oblique and linear sole marks on the base of a planar sandstone facies, at 10m in 
stratigraphic log 3 (Figure D4.) 
Most commonly the stratigraphy is composed of the repetition of planar sandstone 
(26%), rippled sandstone (52%) and planar siltstone facies (20.10%). Together these 
facies sequences comprise 97% of stratigraphic log 3 and are consistent in bed 
thickness throughout. Rippled sandstones are convoluted at 17 m (Figure D4.) and 
share sharp contacts to the following planar siltstone facies. Carbonaceous material is 
common in most planar and rippled sandstone facies past 10 m (Figure D4.), these 
small wispy inclusions comprising <30% of the unit.  
Planar siltstone facies grade normally into rare and thin (average 3 cm) massive 
mudstone facies (2%). The planar siltstone and massive mudstone facies are 
bioturbated with slight variety of trace fossils. Bioturbation is rare and consists of 
Chondrites, Skolithos and Planolites trace fossils. Several Chondrite trace fossils are 
observed at the base of the stratigraphic log between 1 – 2 m in normally graded 
sequences mud-rich beds. Skolithos and Planolites are poorly-preserved in thin-
bedded and massive mudstone facies between 10 – 13 m in Figure D4. defined by 
vertical and horizontal burrowing (Benton & Gray, 1981). 
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4.4 STRUCTURAL INTERPRETATION 
The trend of the syncline of 235° indicates a primary contraction of SE-NW 
(Ramsay, 1987; Chanier et al., 1999). The strata can be considered as multilayered 
with slightly varied but overall consistently sized sequences of sandstone and 
mudstone interbeds between 18 and 30 cm. Laterally continuous alternating 
sequences of sandstone and mudstone beds with mechanical anisotropies and no 
signs of recrystallisation suggest buckling is the mechanism of this fold. Buckling of 
multilayered strata at conditions near the surface is associated with flexural slip 
(Watkinson, 1975; Ramsay, 1987). Therefore the analysed sandstone and mudstone 
beds have not undergone induced thinning and thickening as orthogonal thickness 
has remained constant throughout ductile deformation resulting in class IB folds 
(Ramsay, 1987). The following stratigraphic model assumes fault displacement is 
less than several metres and the subsurface stratigraphy is not offset greatly by these 
post-depositional features (Figure 4.21). 
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Figure 4.21. Stratigraphic model of the southern Whakataki Formation. Stratigraphic log 1 represents the base of the syncline, followed by stratigraphic log 2 with 40 m 
unknown outcrop between them. Stratigraphic log 3 is 310 m above log 2, with a further 260 m of stratigraphy above. The schematic stratigraphic logs are not the complete 40 
m, only representative 2 m. Full logs in Appendix D.
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4.5 STRATIGRAPHIC AND SEDIMENTOLOGICAL 
INTERPRETATION 
4.5.1 Depositional mechanism interpretation 
The vertical grading of the sandstone to mudstone interbeds prevalent in the studied 
section is associated with a preferential sorting depositional system as sediments fall 
out of suspension from turbulent flow (Kneller, 1995). Therefore the facies 
associations represent deposition from turbidity currents (Mutti & Ricci Lucchi, 
1978). Using the descriptive scheme proposed by Bouma (1962), massive sandstone 
facies = Ta, planar sandstone = Tb, rippled sandstone = Tc, planar siltstone = Td and 
massive mudstone = Te. Consistent normal grading of the studied sandstone and 
mudstone facies with erosive bases presents the best evidence of a classic turbidite 
sequence.  
The flow deposits of the southern Whakataki Formation differ in two ways from a 
classic Bouma sequence (Bouma, 1962). Almost all analysed sequences lack full 
Bouma divisions common in sand-rich (stratigraphic log 3) and sand-poor strata 
(stratigraphic log 1 and 2) (Bouma, 1962). The flow deposits consistently lack Ta 
and Tb Bouma divisions in parts, which suggests flow was consistently in the lower 
flow regime, therefore they are low-density turbidites and depletive steady flows 
using Kneller (1995) scheme. Thin-bedded successions of stratigraphic log 1 and 2, 
which are especially mud-rich and lack Ta and Tb facies are low-density turbidity 
currents. Beds of stratigraphic log 3 that are sand-rich are still low-density turbidity 
currents lacking Ta facies, however they were deposited by denser turbidity flows 
than stratigraphic log 1 and 2 (Lowe, 1982; Johnson et al., 2001).  
All facies analysed are fine-grained compared to classic turbidite intervals (Bouma, 
1962). Ta facies, which are the coarsest grained samples in outcrop are very-fine 
sandstone, which according to Bouma’s sequence should be coarse/medium 
sandstone. The same trend continues for the other facies, therefore this characteristic 
is likely a product of source, not transportation mechanisms and depositional 
environment. 
4.5.2 Paleodepositional model  
Common trace fossils such as Nereites and Zoophycos when found together suggest a 
bathyal depositional environment associated with distal marine and mud-rich 
turbidite facies (Crimes, 1975). Zoophycos trace fossils may also form in the abyssal 
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zone to shallow continental shelf environments, however the overall diverse trace 
fossil assemblage of Skolithos, Chondrites, Lorenzia, Planolites and Cruziana 
suggest open marine setting, likely bathyal to abyssal with lowered sedimentation 
rates (Wetzel, 1991; Johnson et al., 2001). The identification of foraminiferas 
(elongate and rounded species) in massive sandstone facies (Ta Bouma intervals) 
provides evidence for a marine or freshwater depositional environment (Loeblich & 
Tappan, 1964). Although some species are known to live in freshwater or brackish 
conditions, foraminiferas are typically associated with marine environments 
(Loeblich & Tappan, 1964). The foraminiferas observed in these thin sections are 
marine species, however due to the low number of samples recovered coupled with 
the deformation, species interpretation is subject to error. The observation of 
foraminiferas and marine trace fossils suggests marine deposition. 
The consistent paleoflow markers toward the north-northeast suggest the turbidites 
were fed by a single point-source (Amajor, 1987; Bradley & Hanson, 2002; Field, 
2005). Paleoflow markers providing a west-southwest flow direction suggest that the 
deposits may have undergone internal reworking oscillatory processes (Bouma, 
2004). The base of the syncline and oldest deposits (represented by stratigraphic log 
1) are characterised by consistently thin-bedded Tc, Td and Te facies. Tc facies and 
ripple laminations are associated with deposition from moderate-strength currents in 
the low flow regime and suggest rapid deposition from high rates of suspension fall-
out from sustained flow (Reading & Richards, 1994; Johnson et al., 2001). Rippled 
sandstones are commonly interpreted as representatives of overbank deposits of a 
channel levee complex (Field, 2005; Jobe et al., 2012). Td and Te facies are 
associated with deposition from suspension fallout of pelagic muds, product of a 
dilute turbidity current on the distal basin floor in low-energy environments (Bouma, 
1997; Basu & Bouma, 2000). Their dominance over rippled sandstone in this part of 
stratigraphy suggests that deposition occurred in a lower fan and basin plain 
environment rather than levee-overbank (Jobe et al., 2012). 
Case studies of fine-grained, mud-rich turbidites prove the association of these 
deposits with long sediment transportation (Bouma, 2004; Leverenz, 2000). 
Similarly, if these mud-rich turbidites deposit to form submarine fans, their size is 
often medium to large, built by partial bypassing instead of prograding and the 
source is often mature (Bouma, 2004). Sections dominated by thick Te beds, 
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upwards of 8 – 10 cm thick represent long periods of low-energy, low-density 
consistent sedimentation (Basu & Bouma, 2000). Rare punctuations of Tb facies with 
sharp contacts to Td/Te facies (upper flow regime) are likely initiated by short 
interjections of higher sedimentation rates, which are common in dynamic turbidity 
currents in tectonically active regions (Basu & Bouma, 2000; Meiburg & Kneller, 
2010).  
Moving upward through stratigraphy (stratigraphic log 2), facies thickness and 
occurrence remain relatively constant. Dominant thin-bedded Td and Te facies 
continue in stratigraphic log 2 with less prevalent Tc facies, which indicates 
moderate to weak current strength with high suspension fall-out rates from periods of 
sustained flow (Basu & Bouma, 2000; Johnson et al., 2001). The successions suggest 
continued distal basin plain environment deposition with low-energy and dominant 
pelagic mud settling (Reading & Richards, 1994; Bouma, 1997). The slight increase 
in sand-facies (Ta and Tb) suggests greater influence of high-energy flows on the 
environment brought on by slope failures, which might indicate possible increased 
tectonic activity (Lowe, 1982; Mutti, 1985).  
Bed thickness increases up through stratigraphy (stratigraphic log 3) as does the 
overall occurrence of sandstone relative to mudstone. Facies associations of 
stratigraphic log 3 are characterised by moderately-thick successions of massive, 
parallel laminated and rippled sandstone beds indicative of tractional processes of the 
upper and lower flow regime (low-density turbidites) (Lowe, 1982; Johnson et al., 
2001; Bouma, 2004). Sand-rich turbidites are transported over shorter distances 
where submarine fans form closer to source, fed by a canyon system on narrow 
shelves (Bouma, 2004). The submarine fans are often small to medium sized that 
accumulate by progradation not partial bypassing (Bouma, 1997, 2004). 
The high frequency of Tc facies and thick Tb facies indicate rapid deposition with 
high rates of suspension fall-out from sustained flows in a levee-overbank, medial-
middle fan setting (Kneller & Branney, 1995). Td and Te facies in this environment, 
with their reduced thickness (relative to stratigraphic log 1 and 2) represent the tails 
of the levee-overbank environment as rapid settling and suspension fallout (Dott Jr, 
1974; Kneller & Branney, 1995; Johnson et al., 2001).  
An overall depositional style cannot be determined from the evidence provided in 
this chapter distinguishing between typical submarine fan processes or sheet-like 
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turbidite deposition. This section provides a general description of turbidite facies 
and their typical deep-marine sedimentation styles outlined by numerous works, 
specifically Reading and Richards (1994) and Bouma (2004). A final 
paleodepositional model for the complete Whakataki Formation will be discussed in 
Chapter 7, outlining external controls on sedimentation styles such as source and 
flow emplacement. 
4.5.3 Sedimentology and source 
Facies analysed petrographically are approximately equally sorted and rounded with 
similar abundances of quartz, feldspar and lithic fragments that suggest a single 
source (Dickinson, 1985; Johnsson & Basu, 1993). Framework minerals in 
sedimentary rocks such as quartz, feldspars and various lithic grains are used to 
define provenance (Zuffa, 1985). Quartz exhibits undulose extinction or sweeping 
extinction that is common in sedimentary rocks that are sourced from rocks that have 
undergone low-grade metamorphic conditions (300 – 400°C) (Tullis, 1970; Barber & 
Wenk, 1991; Stipp et al., 2002). Undulose extinction provides a loose association 
with a recycled source that has experienced various conditions since crystallisation 
implying a mature source (Barber & Wenk, 1991). The approximate percentages of 
framework minerals plotted on a QFL and the prevalence of albite suggest a mature 
and recycled orogenic/volcanic source (Figure 4.22) (Helmold, 1985; Morton et al., 
1991). 
 
 
Figure 4.22. QFL for turbidites of the southern Whakataki Formation. X marks an average for all 
analysed Bouma divisions that are approximately 60% quartz, 20% feldspar and 20% lithic 
(Dickinson et al., 1983). 
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Feldspars survive multiple stages of recycling and weathering (particularly in cold 
climates) and are therefore common in most sandstones (10 – 15% framework grains 
on average) (Pittman, 1970; Pettijohn, 1987; Nesbitt et al., 1996). Microcline, which 
is a potassium-rich alkali feldspar is also associated with a volcanic derived source 
that can survive multiple stages of recycling implying a mature source (Pittman, 
1970).  
Carbonaceous wisps common particularly in stratigraphic log 3 reflect a terrigenous 
or marine source rock rather than kerogen/hydrocarbon maturation during diagenesis 
evident by its high relief from the surrounding matrix and primary habit (Chapin et 
al., 1994; Kneller, 1995). Typically matured hydrocarbons that form within 
sedimentary rocks occur within pore spaces (Boles, 1981; Abdou et al., 2009; Islam, 
2009). Without conducting fluorescent light studies the origin of the carbonaceous 
material, terrestrial or marine, cannot be accurately determined. The provenance of 
the southern Whakataki Formation will be discussed in Chapter 7, outlining its likely 
source based on its fine-grained, textually mature and carbonaceous lithology. This 
will add detail to the turbidite emplacement mechanisms, which will ultimately 
provide an accurate paleodepositional model.  
4.5.4 Burial history and diagenesis 
Diagenesis commonly occurs in subsiding basins where sediments are progressively 
buried by younger sediments to varying depths (Burley et al., 1985). Once 
sedimentation ceases the loosely packed basin sediments are buried most commonly 
due to active tectonism (Mozley, 1989; Montañez, 1997). Sediment burial is 
accompanied by temperature and pressure changes that result in physical and 
chemical alterations that ultimately result in lithification (McDonald & Surdam, 
1984). Case studies of the Frontier Sandstone in the Bighorn Basin, Wyoming, 
provide an example of defining a sedimentary units burial history. This case study 
focuses on rock fabric and mineralogy, both framework clasts and matrix (Surdam, 
1989). Understanding these characteristics provides an effective way to determine 
the burial history of a basin related to depth and temperature and will be followed in 
this work (Surdam et al., 1989; Mackenzie, 2005). Understanding diagenesis and its 
subsequent characteristics give insight into the reservoir potential. 
Turbidite microscopic fabric 
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Point contacts are the most common grain boundary of all defined turbidite facies. 
Occasional long and concavo-convex contacts are observed however they are 
relatively rare. The frequency of these contacts suggests the turbidites were 
moderately mechanically compacted, restricted to shallow depths of burial (Figure 
4.23) (Burley et al., 1985; Mackenzie, 2005). The absence of quartz cementation and 
pressure solution suggests the turbidites remained at or above this depth (Figure 
4.23).  
 
Figure 4.23. Summary diagram showing depth ranges at which diagenetic processes occur. Figure 
adapted from (Stone, 1996) and (Totten, 1996). 
Matrix/Diagenetic minerals 
Clay matrix is common in all facies at approximately 15% of rock fabric. Clays such 
as muscovite, kaolinite and montmorillonite (smectitic clay) are principally two or 
three-layered clay minerals that have a variety of origins (Mackenzie, 2005; Burley 
& Worden, 2009). Clays form during subaerial weathering and hydrolysis or burial 
diagenesis in deep marine environments and provide little detail about diagenesis 
(Mackenzie, 2005). The prevalence of smectitic clays however suggests temperatures 
less than 70 – 80°C associated with shallow burial depths <2 km (Bjørlykke et al., 
1989). At greater temperatures these clays typically are replaced by illite (Bjørlykke 
et al., 1989). 
Carbonate cementation is present in all facies at approximately 5% of the total rock 
fabric. Calcite mineralisation during diagenesis occurs in marine environments from 
calcium carbonate enriched pore waters at temperatures less than 80°C (shallow 
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burial)(Surdam et al., 1989). Pore waters are commonly enriched from biogenic 
oozes of planktonic organisms that cover large areas of the ocean floor at a rate of 2 
– 3 cm/1000 years (Berger, 1976; Morgans, 1997; Walderhaug & Bjørkum, 1998; 
Field, 2005). The prevalence of the minerals montmorillonite and calcite within each 
turbidite facies suggests shallow depth <2 km (Bjørlykke et al., 1989). 
Glauconite: SEM interpretation 
Glauconite prevalent in Ta, Tb and Tc facies exhibits several habits; a well-defined 
primary lithic grain that reflects a potential detrital mineral and the second habit 
appears authigenic within the matrix and between larger grains, both of which have 
implications for source and diagenesis (Burst, 1958; Odin & Matter, 1981). Works 
from Chanier and Ferriere (1991) and Neef (1992) interpret the green mineral 
associated with many formations in the Akitio region as glauconite, however without 
X-ray Diffraction or Scanning Electron Microscope analysis the interpretation is 
invalid due to its varied petrographic and macroscopic properties (Figure 4.11). 
Other minerals such as berthierine, chamosite, nontronite and verdine are also 
characteristically green in colour due to high iron and form in marine environments 
(Odin & Matter, 1981; Bailey, 1988; Giresse & Wiewióra, 2001; Anthony et al., 
2011). All of these minerals, which appear similarly under microscope and have 
distinct diagenetic origins and assist the paleodepositional environment interpretation 
of a sedimentary unit during diagenesis (Giresse & Wiewióra, 2001; Ryan & Hillier, 
2002).  
Both the framework mineral and matrix mineral were tested using SEM analysis and 
is glauconite based on their elemental ratios (Figure 4.7 and Figure 4.8). Glauconite 
is an iron-oxide and potassium-rich clay mineral that forms in semi-reducing 
environments at the sediment-seawater interface (mid-shelf to upper slope) (Odin & 
Matter, 1981). Glauconitisation replaces the sediment substrates such as carbonate 
clasts, feldspars, mica grains, clay infillings or foraminferal faunas during diagenesis 
(Odin & Matter, 1981; Amorosi, 1995, 1997). When these substrates experience 
continued exposure at the sediment-seawater interface the grains are able to mature 
into the well-crystallised, potassium-rich (8%) micaceous end-member of glauconite 
(Odin & Matter, 1981; Anthony et al., 2011). If the mineral grains are continually 
exposed (over a period of 105 – 106 years) to reducing conditions glauconite evolves 
completely to become iron rich (20%) as well as potassium rich (Amorosi, 1995). 
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According to the definition proposed by Odin and Matter (1981) glauconisation 
ceases if the grains are buried too quickly, therefore the abundance of glauconite is 
considered to be one of the most reliable indicators of slow sedimentation rates. 
The SEM analysis results return an average iron content of 10.5% and potassium 
content of 3.25% for the primary framework glauconite grains. For the matrix 
mineral variety, iron and potassium is less concentrated at 6.5% and 3.7%. It is 
expected that iron and potassium in these tested samples are less than a typical 
glauconite grain because they are presented as compounds with oxygen, whereas 
SEM analysis shows iron and potassium abundance alone. Glauconite has a low 
hardness of two, therefore detrital grains would have likely been eroded. Ill-defined, 
matrix-forming glauconite common in sandstone is an example of a younger 
diagenetically evolved glauconite grain, which is iron-depleted (SEM results). The 
general inhomogeneous and poorly crystalline characteristics of the matrix 
glauconite might indicate why XRD analysis did not identify the mineral due to weak 
traces. 
The interpretation of glauconite and its environmental implications has since evolved 
from work published by Odin and Matter (1981). Case studies by Chafetz and Reid 
(2000) has outlined the formation of glauconite in shallow marine environments at 
normal to high sedimentation rates. The presence of fibroradiated rims of glauconite, 
echinoderm fragments and trough cross-stratified bedding in Cambro-Ordovician 
strata of southwestern US suggests high sedimentation rates. The evidence provides a 
wider context for the accumulation of glauconite (Odin & Matter, 1981; Chanier & 
Ferriere, 1991; Neef, 1997; Chafetz & Reid, 2000). The glauconite clays from the 
Cambro-Ordovician strata formed prior to calcite precipitation (glauconite linings), 
which suggests glauconisation, a mineral replacement process can occur during the 
early and late stages of diagenesis (Chafetz & Reid, 2000). The implications of this 
work suggest that glauconisation of the turbidites of the southern Whakataki 
Formation may have occurred in low or high-energy shallow marine environments 
below wave base on the continental shelf (Odin and Fullagar, 1988; Odin and 
Morton, 1988). 
To summarise, the presence of diagenetic mineral such as calcite and the retention of 
smectite in addition to each facies microfabrics provides the best evidence for 
shallow burial compaction (<2 km depth). The formation of glauconite provides an 
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association with shallow marine burial, below wave base on the continental shelf (in 
some instances down to 1000 m depth on the continental slope) (Odin and Fullagar, 
1988; Odin and Morton, 1988). The implications of the interpreted burial history of 
the southern Whakataki Formation turbidites will be discussed in Chapter 7 
associating its petrographic characteristics with reservoir potential. 
. 
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Chapter 5: Structural reconstruction of the 
northern Whakataki Formation  
5.1 FIELD OBSERVATIONS AND INTRODUCTION TO THE 
NORTHERN WHAKATAKI FORMATION (5477000N, 1874750E TO 
5580000N, 1875500E) 
Along the undulating coastline between Suicide Point (5477000N, 1875000E, Figure 
4.1) and the Mataikona River outlet (5480000N, 1875600E, Figure 4.1), the 
exposure of the Whakataki Formation varies in deformation and stratigraphy from 
the southern exposure (Figure 5.1).  
 
Figure 5.1. Outcrop photos of the Northern Whakataki Formation (left facing north, right facing south 
toward Suicide Point). Photo taken at 5477200N, 1874800E (Figure 5.2). 
The laterally extensive turbidite beds that preserve kilometre-scale open folding and 
late stage brittle faulting from the southern exposure (Chapter 4) grade into heavily 
faulted and folded stratigraphy with preserved interbeds of sandstone and mudstone 
and sedimentary breccias (Figure 5.2). One kilometre of sandy beach separates the 
northern and southern exposure marking a potential contact between the two 
apparent deformation styles. Along the coastal outcrop preserved folds, 
compositional foliations, boudinage, veins and faults are associated with tectonic 
events, which will be analysed to reconstruct the deformation history. This will 
provide the structural framework necessary for understanding the stratigraphy of the 
northern Whakataki Formation providing details on the depositional age of each 
sedimentary unit, which is necessary for defining a paleodepositional model.  
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Figure 5.2. Simplified structural map of the study area for Chapter 5. Stereonets represent all 
measured fold axial planes. FP = fault plane, FAP = fold axial plane. Dashed lines represent extended 
strike lines of foliations. Full descriptions of the monomict breccia, Sand/mudstone interbeds and 
polymict breccia with stratigraphic logs are presented in Chapter 6. Contour intervals are 20 m. 
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5.1.1 Structural descriptions 
The northern Whakataki Formation is characterised by two lithofacies and one 
lithofacies association with individual sedimentary characteristics and structural 
fabrics described herein. 
1. Foliated mud-rich matrix-supported monomict breccia 
The monomict breccia is restricted to the eastern parts of the coastal outcrop 
represented by two headlands with approximately 0.6 km2 exposed (Figure 5.2). The 
eastern margin represents the fullest extent of the study area contacting with the 
South Pacific Ocean. The western contact is covered by sand creating an 
approximate 5 - 10 m buffer zone separating the foliated monomict breccia from a 
small 2 – 3 m high grassy escarpment (Figure 5.3). 
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Figure 5.3. Structural map of the monomict breccia with foliation traces to exhibit the overall 
orientation of deformation structures (S1 aligned north-south). Solid lines represent observed reverse 
faults that cross-cut compositional foliations. Folds in map are not to scale, enlarged to illustrate their 
geometry. Dashed lines represent approximate contacts due to changing tides or sand and scree 
coverage. 
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The monomict breccia is a massive mudstone that lacks preserved primary structures 
and younging directions. Compositional foliations encompass the entire unit and are 
varied with anastomosing geometries (Figure 5.4). The classification scheme of 
foliations used in this work is derived from Gray (1977) and Powell (1979). In rare 
cases the foliations are folded, <2 m limb to limb however the absence of younging 
directions prevent their classification as synclines or anticlines, therefore they are 
defined as synforms or antiforms. Asymmetrical clasts (boudinage) within the unit 
are 0.10 – 4 m long and 0.10 – 2 m thick and exhibit varying relief from the 
surrounding mudstone up to 3 m (Figure 5.4). 
 
Figure 5.4. Asymmetric clasts in the foliated monomict breccia. Left: Dextral, asymmetric, beige 
clast, 50 cm relieved from the surrounding mudstone (5480000N, 1875500E). Right: 3 m relieved 
sinistral, asymmetric, beige clast (5480000N, 1875520E). S1 represents the foliation surface.  
The clasts with higher relief exhibit lineations along their sides however these were 
not measured and analysed due to time restraints. Cross-cutting the monomict 
breccia are reverse faults that dip at high angles >65° and extend up to 70 m laterally 
(Figure 5.3). Numerous fractures and small m-scale faults also cross-cut the 
monomict breccia, these planar features are oriented in all directions and offset is 
minimal less than 10 – 20 cm. 
2. Sandstone and mudstone interbeds 
This lithofacies association lies between the monomict and polymict breccia and in 
localised outcrops along the coast, approximately 0.25 km2 of outcrop exposed 
(Figure 5.2). The western and eastern contacts with the monomict and polymict 
breccias are covered with sand and inferred as approximately north-south striking. 
The western contact of the localised Sandstone and mudstone interbeds are also 
covered by sand and scree creating an approximate 5 - 10 m buffer zone between the 
beds and overlying grassy escarpments (Figure 5.5, Figure 5.6 and Figure 5.8).  
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Figure 5.5. Geological map and corresponding cross-section (F’ – F) of the Sandstone and mudstone 
interbeds. Dashed lines of the cross-section are not individual beds, instead they represent measured 
beds with the best-preserved planes that allowed accurate dip measurement. Glaucony beds are not 
assumed as laterally extensive and placed on the map only where they are observed. For cross-section 
construction details see Methods section. 
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Figure 5.6. Geological map and corresponding cross-section (E’ – E) of the Sandstone and mudstone 
interbeds. Dashed lines of the cross-section are not individual beds; instead they represent measured 
beds with the best-preserved planes that allowed accurate dip measurement. A generalisation of 
‘sandstone’ lithologies is presented for the dipping beds as mudstones are too thin to accurately 
portray in this figure. For cross-section construction details see Methods section. 
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Figure 5.7. Folds of the Sandstone and mudstone interbeds. A. Open fold 8 (5477100N, 1874700E). 
B. Open fold 27 (5479700N, 1875250E). C. Open fold 28 (5479950N, 1875450E) D. Gentle fold 30 
(5479950N, 1875500E), 
The Sandstone and mudstone interbeds are characterised by the preservation of 
sedimentary structures such as bedding and bioturbation as well as the absence of 
compositional foliations and sigmoidal clasts. Folds throughout the unit are variable 
in size (1 – 15 m limb to limb), tightness and asymmetry (Figure 5.7). Only folds 
with well-exposed limbs and an approximate hinge were measured and plotted on 
stereonets for structural reconstruction (Table 5.2). Faults are not present in all beds, 
observed partially in the unit and are usually weathered impressions, too eroded to 
determine their plane geometry. Similarly small cm to m-scale fractures are observed 
throughout the unit with varied plane orientations. The best-preserved faults cross-
cut outcrop between cross-section E’ – E and along the second headland (Figure 5.2) 
however not at all these faults are displayed on geological maps due to their small 
size (Figure 5.5 and Figure 5.6). 
3. Foliated mud-rich matrix-supported polymict breccia 
The polymict breccia is exposed along the western margin of the study area with 1.6 
km2 outcrop exposed (Figure 5.2). The western contact grades normally into 
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unknown outcrop covered by sand and is overlain by 4 m tall, vegetated sandy 
escarpments (Figure 5.8).  
 
Figure 5.8. Western contact of the polymict breccia separated by scree and sand. Photo is taken facing 
southwest at 5478300N, 1875000E.  
Variations in the western contact of the polymict breccia are observed in five 
localised outcrops (Figure 5.2). Most commonly the polymict breccia grades into the 
highly-relieved and vegetated sandy escarpments that continue into the hillside 
(Figure 5.8), however in these areas a transitional margin separates the brecciated 
mudstone from the Sandstone and mudstone interbed lithofacies association. The 
contact between the two units is consistently covered in sand and scree and is 
assumed as north-south striking. 
The polymict breccia is a heavily deformed mudstone unit that lacks preserved 
primary sedimentary structures and younging directions. The polymict breccia 
comprises of different clast types and veins scattered along the coastal outcrop in 
different locations (Table 5.1, full lithologies in Chapter 6). Compositional foliations 
encompass the entire unit and are varied with anastomosing geometries dipping 
toward the east and west. Compositional foliations are sheet-like and planar 
structures that form from differential pressures resulting in anastomosing geometries 
(Goodwin & Tikoff, 2002). 
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Folds are abundant in the polymict breccia, especially proximal to Suicide Point 
(Figure 5.2) identified as folded compositional foliations (axial plane cleavages) and 
folded veins (Figure 5.9, Figure 5.10 and Figure 5.11). 
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Table 5.1 
Descriptions of the polymict breccia, northern Whakataki Formation 
  Colour Size  Geometry Location 
Limey mudstone 
sigmoidal clasts  
Beige/light 
orange/brown. 
0.10 – 1.5 m long. Elongate/sigmoidal asymmetry. Random distribution and scattered. More 
common adjacent to Suicide Point. 
Veins Beige/brown.  2 - 3 cm thick and 2 - 5 
m long 
Heavily folded with fattened hinges 
and rotated/deformed limbs.  
5477800N, 1874700E. 
Sheared horizon Blue-grey. 3 - 5 m long, 1 – 2 m 
wide. 
Highly deformed, chaotic and 
massive. 
5479400N, 1875300E. 
Glauconitic and 
quartzite boulders 
Orange-
brown/green. 
3 – 10 m in diameter. Massive and exposed up to 3 m from 
surrounding mudstone. 
Quartzite common at 5478000N, 
1874700E. Greensand is pervasive, 
common at 5479400N, 1875300E. 
Carbonaceous/shaley 
beds 
Brownish black. 0.5 m thick, 2 -3 m 
long. 
Tabular. 5478000N, 1874700E. 
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Figure 5.9. Geological map of Suicide Point illustrating folds with foliation traces and Sandstone and 
mudstone interbeds. Contours are set at 10 m intervals. 
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Figure 5.10. Geological map of the north Suicide Point folds with foliation traces, sigmoidal clasts 
and Sandstone and mudstone interbeds. Folds in map are not to scale, enlarged and (not to scale) to 
illustrate their geometry. 
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Figure 5.11. Folds of the polymict breccia. A. Folded compositional foliations (5477100N, 
1874700E). B. Folded veins 5477800N, 1874700E. C.  Folded light-grey mudstone, 5479450N, 
1875250E. D. Folded orange/beige layer, 5479500N, 1875200E. E. Highly sheared grey mudstone, 
5479500N, 1875200E. F. Folded mudstone layer, 5479550N, 1875250E. 
Asymmetrical clasts are abundant in the polymict breccia between 0.10 – 2 m long 
and 0.10 – 0.50 m thick exhibiting varying relief from surrounding matrix with up to 
1 m exposed (Figure 5.12). Cross-cutting the polymict breccia are faults that extend 
up to 10 m (Figure 5.2). These faults are heavily weathered or partially covered by 
sand and scree therefore they were not plotted on stereonets for structural 
reconstruction. Numerous fractures and small m-scale faults also cross-cut the 
polymict breccia, these planar features are oriented in all directions and offset <10 – 
20 cm. 
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Figure 5.12. Asymmetric clasts of the polymict breccia. A. Highly eroded sinistral shear sense 
indicator (SSI) with preserved right side tail. B. Dextral SSI dipping toward the east. C. Sinistral SSI. 
D. Heavily-eroded dextral SSI. 
5.2 STRUCTURAL ORIENTATION DATA 
5.2.1 Folds  
Thirty-six folds are identified in the northern Whakataki Formation with measureable 
fold limbs and observable dip and dip azimuth presented in this analysis (Table 5.2, 
for fold location coordinates see Table F).  Eight folds (folds 19 – 26) within the 
polymict breccia are particularly deformed and do not provide limb dip and dip 
azimuth (Figure 5.11; b, c d, e and f). An average fold axial plane trend for these 
folds was measured in field and plotted onto stereonets (Table 5.2).  
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Table 5.2  
Fold characteristics of the northern Whakataki Formation with equal area stereonet projections. Folds are in ascending order from south to north (1 – 36). Red lines 
represent fold axial planes, solid black lines represent fold limbs and black dots are poles to the fold axial plane. Numerals for plunge, trend and interlimb angle are in 
degrees 
Fold 
number 
Plunge Trend Interlimb angle Cylindricity Symmetry Tightness Stereonet 
1 76 59 127 Approx. Cylindrical Approx. Symmetric Gentle  
2 31 126 35  Cylindrical Approx. Symmetric Close  
3 13 113 63  Cylindrical Symmetric Close  
4 54  20 106  Cylindrical/ 
Overturned 
Z-fold Open  
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5 37  212 77  Cylindrical Symmetric Open  
6 64 8 108  Approx. 
Cylindrical 
Approx. 
Symmetric 
Open  
7 68  348 64 Approx. Cylindrical Approx. 
Symmetric 
Closed  
8 86  125 94 Approx. Cylindrical Symmetric Open  
9 40  19 117 Approx. Cylindrical Approx. 
Symmetric 
Open  
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10 40 4 128 Approx. Cylindrical Approx. 
Symmetric 
Gentle  
11 38 5 30  Cylindrical 
Overturned 
Symmetric Tight/Closed  
12 22  205 16 Cylindrical Symmetric Tight  
13 42 354 14 Cylindrical 
Overturned 
Symmetric Tight  
14 48  3 59 Cylindrical Symmetric Closed  
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15 17 57  25  Cylindrical 
Overturned 
Symmetric Tight  
16 46 20 146  Cylindrical 
Overturned 
Approx. Symmetric Gentle  
17 34 150 69  Non Cylindrical Non Symmetric Closed  
18 65 6 123 Approx. Cylindrical Approx. Symmetric Gentle  
19 North 15 - Cylindrical Symmetrical Isoclinal  
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20 North 5 - Approx. Cylindrical Approx. 
Symmetrical 
Tight  
21 North 340 - Approx. Cylindrical 
Overturned 
Approx. Symmetric Isoclinal  
22 North 320 - Cylindrical Symmetric Tight  
23 North 310 - Approx. Cylindrical Approx. Symmetric Tight  
24 North 330 - Approx. Cylindrical Approx. Symmetric Tight  
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25 South 340 - Cylindrical Symmetric Tight  
26 South  175 - Approx. Cylindrical Symmetric Isoclinal  
27 58  10 111  Approx. Cylindrical Z-fold Open  
28 22 13 103  Cylindrical Approx. Symmetric Open  
29 25 10 81 Cylindrical Approx. Symmetric Open  
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30 13 339 122  Approx. Cylindrical S-fold Gentle  
31 11 350 113  Approx. Cylindrical Symmetric Open  
32 7 1 79  Cylindrical Symmetric Open  
33 58 336 14 Cylindrical/ 
Overturned 
Symmetric Tight  
34 7 344 41  Approx. Cylindrical Symmetric Closed 
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35 14 340 24  Approx. 
Cylindrical 
Symmetric Tight  
36 8  29 73  Cylindrical Z-fold Open  
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Table 5.3  
Stereonet projections of all measured folds of the northern Whakataki Formation 
All Folds Suicide Point folds; 1, 2, 3 and 4 
 
 
 
Northern S.P folds 5 - 18 Northern folds; 19 - 36 
  
 
Folds of the northern Whakataki Formation are coaxial, aligned N-S with the 
exception of Suicide Point folds in the polymict breccia (Table 5.3). Folds 
throughout the northern Whakataki Formation exposure vary in geometry (tightness 
and symmetry) regardless of medium. The variability in fold geometry instead is 
associated with location. The Suicide Point outcrop (polymict breccia) consists of 
four folds; 1, 2, 3 and 4 that exhibit variable geometries (Figure 5.9). Fold axial 
plane orientations trend east and northeast ranging from 59°, 126°, 113°, 20° (Table 
5.2) and plunge shallowly from 13° (fold 3) to 76° (fold 1). The large folds are 
approximately cylindrical and upright except fold 4 that is overturned with both 
limbs dipping approximately west. The folds are variably tight and are non-coaxial, 
providing no association with a single deformation event.  
North of Suicide Point, fourteen small metre-scale folds outcrop in the polymict 
breccia and Sandstone and mudstone interbeds (Figure 5.10). Folds are generally 
coaxial with 79% trending in an approximate N-S direction (+-25° from 000°/180°) 
and 71% plunge toward the north. Plunge varies from 21.6° – 85.2° (mean of 48.9°) 
and most folds are approximately cylindrical and symmetric. Fold tightness is varied 
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from tight, almost isoclinal folds at 13.9° (fold 15) to gentle at 146° (fold 21). Folds 
are equally gentle and open (50%) to close and tight at this location regardless of 
medium (polymict breccia or Sandstone/mudstone interbeds).  
The folds farthest north (north of 5477800N, 1874700E, folds 19 – 36) located 
within all three units exhibit similar fold geometries. Most folds are aligned 
approximately N-S (77.8%, +-25° - 000°/180°) and 88.9% of folds plunge toward the 
north. Plunge is relatively consistent from 7° - 58° with a mean of 22.3°. The folds 
are dominantly cylindrical and symmetric with the exception of fold 27, 30 and 36 
that exhibit separate asymmetries. Fold tightness is varied between all three units 
with tight geometries exhibited most commonly (38.9%), followed by open (33.3%), 
isoclinal (16.7%) and close/gentle (5.5%). The tightness of each fold does not 
correspond to changes in medium as folds of varying tightness are observed 
throughout the entire outcrop of the northern Whakataki Formation in this area. 
Isoclinal folds are an exception and are present in the polymict breccia at 5479500N, 
1875200E (Figure 5.2). These folds are small <50 cm limb to limb and are heavily 
deformed plunging toward the north and south (Figure 5.11). Examples of fold hinge 
flattening and thickening are well-preserved exclusively within folded veins of the 
polymict breccia, which is associated with class 2 or class 3 folds (Ramsay, 1987). 
5.2.2 Asymmetric clasts  
Large clasts displaying asymmetry are widespread throughout the available outcrop 
in the monomict and polymict breccias that display both dextral and sinistral 
geometries (Figure 5.3, Figure 5.9, Figure 5.10).  Clasts are commonly symmetric, 
which represent initially asymmetric structures that have had their tails eroded 
(Figure 5.4 and Figure 5.12). These clasts that are heavily eroded are not included 
within the results section and are left off geological maps. Clasts within the foliated 
mudstone do not sit upright instead they dip approximately east or west with their 
elongate sigmoidal geometries striking north and south (Table 5.4). 
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Table 5.4  
Stereonet plots of all clasts of the northern Whakataki Formation, black and red lines represent dip 
and dip azimuth of clast planes  
All clasts Suicide Point clasts 
  
Northern S.P clasts (5477100N, 
1874750E to 5479200N, 1875300E) 
Northern clasts (5479200N, 
1875300E to 5480200N, 1875500E) 
  
 
Dextral and sinistral clasts are equally abundant north of Suicide Point (54.7% 
dextral, 45.3% sinistral) irrespective of position and unit (monomict or polymict 
breccia). Both foliations and clast fabrics are coaxial and exhibit similar planar 
orientations. The foliations and clasts measured around Suicide Point are non-coaxial 
with dextral and sinistral asymmetries.  
5.2.3 Brittle faulting  
Faulting encompasses all three units of the northern Whakataki Formation. Faults 
and fractures are small-scale, <1 m with cm-offset, or more extensive up to 70 m 
with m-scale offset. All faults cross-cut either primary sedimentological features in 
the Sandstone and mudstone interbeds or structural fabrics such as foliations, 
asymmetric clasts and folds in all three lithotypes. Only larger faults with observed 
dip-slip movement, common in the monomict breccia were projected on stereonets to 
exhibit their geometries (Figure 5.13). 
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Figure 5.13. Larger measured faults of the northern Whakataki Formation plotted on a stereonet. 
Stereonet projections show a correlating dip angle of ~ 70° and dip azimuth of ~ 
150°.  
5.3 STRUCTURAL INTERPRETATION  
5.3.1 Deformation timing 
The structural fabrics analysed herein provide evidence for ductile and brittle 
deformation; a solid-state deformation zone that has undergone shearing (Elliott & 
Williams, 1988; Lafrance et al., 1993; Vernon, 2004; Waldron & Gagnon, 2011). 
The structural fabrics of the northern Whakataki Formation monomict and polymict 
breccia are commonly associated with syn-sedimentary deformation (Woodcock, 
1979; Elliott & Williams, 1988; Waldron & Gagnon, 2011), specifically the work 
done on the Pahaoa Olistrostrome, 60 km south of the Whakataki Formation 
(Chanier & Ferriere, 1991). The distinction between soft-sedimentary and solid-state 
deformation is important to recognise as these features provide evidence of tectonic 
and emplacement processes (Chanier & Ferriere, 1991). A common indicator of syn-
sedimentary deformation is liquefaction that produces sand with lower strength than 
interbedded mud (Ogata et al., 2014). The change in mechanical strength results in 
angular mud fragments surrounded by sand, dykes of sand cross-cutting mud and 
folded sandstone layers displaying class 3 geometry with mud layers of class 1 
geometry (Elliott & Williams, 1988; Ogata et al., 2014). 
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The geo-spatial arrangement of folds formed during soft-sediment deformation is 
variable (coaxial vs non-coaxial) (Naylor, 1981; Alsop & Marco, 2014). Well-
explored coaxial folds include the Palombini limestone-shale sequence of the 
northern Apennines, where slump folds formed from buckling under the influence of 
downslope shear (Hubert, 1977; Naylor, 1981). Slump folds have consistent trending 
fold axial planes and asymmetries reflecting the downslope profile they formed on 
(Woodcock, 1979; Naylor, 1981). Slump folds are also oriented differently reflecting 
irregular slope morphology as seen in North Wales upper Silurian rocks at Colwyn 
Bay (Eva & Maltman, 1994). The fold data of many rock formations show that soft-
sediment deformations exhibit coaxial and non-coaxial geometries with varied fold 
asymmetry and tightness (isoclinal slump-folds shown in early Paleozoic melange of 
the Artentine Precordillera (Von Gosen et al., 1995). Therefore using the orientations 
of folds alone to determine a soft-sediment or solid-state deformation is of little 
value.  
The best evidence for a solid-state shear zone is presented when analysing all 
structural fabrics together to identify nature of deformation. Evidence for a solid-
state deformation event for the northern Whakataki Formation includes: 
(1) Coaxial folds of the all deposit types (muddy breccias and 
Sandstone/mudstone interbeds) because it is unlikely the paleoslope has 
remained constant for the deposition of all units (Woodcock, 1979; Elliott & 
Williams, 1988). 
(2) No signs of liquefaction in folded sand-rich turbidites (Elliott & Williams, 
1988). 
(3) Veins in the polymict breccia are geometrically related to all other structures, 
trending N-S, which is always associated as a superimposed solid-state 
feature (Naylor, 1981). 
All of the fold geometries common in syn-sedimentary deformation have the 
potential to survive subsequent tectonic deformation however they are not observed 
in the northern Whakataki Formation. Shear zones commonly exhibit structural 
overprinting of brittle and ductile components due to upward and downward 
movement in the crust, the result of long periods of tectonic activation (Tchalenko, 
1970; Lister & Williams, 1979). Therefore syn-sedimentary slump structures may 
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have formed during deposition, however they have been subsequently overprinted 
during post-deposition solid-state shearing. The geometries of the structural fabrics 
of the northern Whakataki Formation and their relationships provide evidence on 
deformation timing (Table 5.5). 
Table 5.5  
Timing of deformational events of the northern Whakataki Formation  
Deformation 
Event 
Overview Description 
D1A Very early stages 
of solid-state 
shearing. 
Period of faulting resulting in pathways for 
veins to infiltrate host rock and crystallise. 
D1B Solid-state sub-
simple shearing 
event onset by E-
W contraction. 
 
Formation of compositional foliations, folds, 
and boudinage (sigmoidal clasts) that develop 
N-S orientation. Folds were formed during early 
stages of sub-shearing and continually evolved 
resulting in occurrences of isoclinal to gentle 
folds and variable symmetries.  
D2 Late stage brittle 
faulting from 
NW-SE 
contraction. 
Faults cross-cut compositional foliations, folds, 
and sigmoidal clasts suggesting they formed 
after shearing. The faults have consistent strike 
suggesting a single contraction event. 
 
D1A: Vein deformation and timing interpretation 
Dark-brown, 3 – 6 cm thick veins are most likely quartz and calcite-rich 
(composition of each unit outlined in next section, Chapter 6), suggesting secondary 
dissolution and precipitation processes (Jamtveit & Yardley, 1997; Bons, 2000). 
Veins have varying origins and their differences in shape and orientations are used as 
indicators for paleostrain and deformation histories (Ramsay & Huber; Oliver & 
Bons, 2001). Typically quartz crystallises at 220 Mpa, 250°C (500 ppm), which is 
consistent with conditions at depths between 5 - 10 km (geothermal gradient in the 
order of 30°C/km) (Gratz et al., 1990; Bennett, 1991; Martin & Lowell, 2000). 
Calcite precipitation is similar to silica (quartz), however calcite is more susceptible 
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to solubility changes with increases in temperature rather than pressure (Plummer et 
al., 1979; Busenberg & Plummer, 1986; Bons, 2000). 
Through the Miocene New Zealand’s volcanic activity due to plate tectonics was 
substantial resulting in complex temperature gradients within the lithosphere 
(Ballance, 1988; King, 2000; Giba et al., 2010). Therefore a crystallisation history of 
the veins and an interpretation of the depth of formation during D1A will not be 
discussed. The coaxial nature of the folded veins, trending approximately N-S 
suggests they formed during a consistent E-W contraction event and have undergone 
subsequent faulting, therefore vein emplacement precedes folding and faulting 
(Carreras et al., 2005).  
D1B: Compositional foliations interpretations 
Foliations are pervasive in the mud-rich breccia units and absent from the Sandstone 
and mudstone interbeds. Foliations are planar structures that result from the nearly 
parallel alignment of mineralogical layering in rock due to differential stress on the 
rock body (Williams, 1977; Ramsay, 1987). Foliations commonly occur from 
phylosillicate preferential layering of clays such as micas and chlorite (Ramsay, 
1987; Tobisch & Paterson, 1988). The planar foliations (S1) grow perpendicular to 
maximum strain (σ1) and along minimum (σ3) or intermediate strain σ2 (Tobisch & 
Paterson, 1988). S1 of the northern Whakataki Formation is aligned N-S with 
maximum strain oriented E-W. The monomict and polymict breccias are dominantly 
mudstone (clay minerals, aluminous/pelitic rocks), therefore they are prone to 
forming foliations relative to the Sandstone and mudstone interbeds that are less 
clay-rich (Ramberg, 1962; Ramsay, 1987; Goodwin & Tikoff, 2002). The absence of 
foliations in the Sandstone and mudstone interbeds is a result of its composition and 
greater mechanical strength, therefore this structural fabric provides no age 
relationship between the three units. If all three units were equally prone to 
deformation and one of the units was not foliated, this unit would be assumed as 
younger as it has not undergone the deformation the other two units have. 
D1B: Fold interpretation 
Fold geometries and orientations vary in ductile shear zones and are dependent on 
the timing of their formation during shearing as they form before shearing or during 
the early and later stages of shearing (Hudleston & Lan, 1993; Carreras et al., 2005). 
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Transitions from completely unsheared wall rock to highly strained domains may be 
defined by studying the morphology of folds (Jamison, 1987; Fletcher, 1991; 
Carreras et al., 2005). Fold geometry of the northern Whakataki Formation is 
analogous to folds of early shear zones, which have undergone deformation during 
complete shearing (Ramsay, 1980; Hanmer & Passchier, 1991; Carreras et al., 2005). 
Characteristics of early shear zone folds include variable symmetry and tightness 
(Carreras et al., 2005). Symmetry of folds during shearing is controlled by the 
direction of compression and the initial orientation of compositional foliations 
(Ghosh, 1982; Carreras et al., 2005). If compression is consistent then slight 
variations in foliations result in asymmetries, therefore both S/Z asymmetries and 
symmetric folds are possible (Manz & Wickham, 1978; Hazra, 1997). Tightness of 
early-stage folds is also variable based on the initial orientation of foliation as 
contraction can result in tightening or the reversal as opening (Carreras et al., 2005).  
The fold axial planes of the early-formed folds are coaxial and provide a correlating 
direction of maximum strain that is E-W. During the deformation event of deflection 
and shearing, the folds have nucleated with axes parallel to the maximum finite strain 
axis X of the sectional ellipse in a N-S orientation (Ghosh, 1966; Ramberg, 1976; 
Flinn, 1978; Ramsay, 1980; Skjernaa, 1980; Treagus & Treagus, 1981), therefore 
maximum contraction was approximately E-W (Treagus & Treagus, 1981; Carreras 
et al., 2005). Folds at Suicide Point are non-coaxial and their geometries are variable, 
which suggests either multiple deformation events, or a single deformation event 
with dynamic strain, possibly a nearby fault that has since been covered by 
Quaternary alluvium and is no longer observable. 
D1B: Asymmetric clast interpretation 
Preserved asymmetric/sigmoidal clasts of the northern Whakataki Formation provide 
sense of shear during the deformation event (Hanmer & Passchier, 1991). Shear 
sense indicators are formed from differences in strain in a ductile deformation zone 
on areas or clasts with an originally random fabric (Hanmer & Passchier, 1991). 
Associated rotation of the finite strain ellipsoid towards the zone boundary produces 
a characteristic curvature of the shape fabric that can be used for strain analysis 
(Lister & Williams, 1979; Hanmer & Passchier, 1991).  
The clasts, with the exception of Suicide Point, are coaxial suggesting they formed 
from one solid-state shearing deformation event with consistent E-W contraction 
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(Ramsay, 1987; Debacker et al., 2009; Waldron & Gagnon, 2011). The sigmoidal 
clasts exhibit both asymmetries, dextral and sinistral, which are common in shear 
zones with mechanical anisotropies (Hanmer & Passchier, 1991). The less stable 
clasts become semi-liquefied due to deformation and are compressed by the 
remaining solid and more stable surrounding mudstone (Lister & Williams, 1979; 
MacLeod & Murton, 1995). Therefore slight variations in fabric orientation relative 
to localised compression controls the clast asymmetry, not the overall shear sense 
emplacement on the whole rock formation (Ramsay, 1980; Passchier & Williams, 
1996). Large blocks within the monomict and polymict breccia that preserve random 
geometries and provide no shear sense were mechanically strong enough to 
withstand this deformation and remained solid. 
D2: Brittle fault interpretation 
Faults measured cross-cut the foliated breccias and Sandstone and mudstone 
interbeds with an unknown offset due to extensive weathering are particularly 
pronounced in the northern headland (monomict breccia). The high dip angle >60° 
and upward movement of the hanging wall suggests they are reverse faults formed 
from NW-SE contraction. Therefore the deformation event is separate to the shearing 
event that formed compositional foliations, folds and asymmetric clasts, occurring 
afterwards due to its cross-cutting relationship with those structural fabrics. 
5.3.2 Deformation related to tectonism and wider implications 
Shear zones are dynamic and can impose pure shear or simple shear and are 
categorised by degree of fabric rotation (Ramsay, 1980). When a rigid wall rock 
undergoes pure shear the strain ellipse will undergo no rotation, only compression 
and extension (Wei & De Bremaecker, 1994). Conversely, simple shear will 
experience rotation about a point (Hanmer & Passchier, 1991; Bell & Johnson, 
1992). Shear zones are commonly associated with a combination of pure and simple 
shear, the order of which are important to define to determine the direction of 
maximum strain and relate it to wider tectonism (Jones & Tanner, 1995).  
Folds, foliations and sigmoidal clasts in the northern Whakataki Formation are 
coaxial and have formed from a general E-W maximum strain deformation event. 
Coaxial shear zones are associated with pure shear with no rotational component, 
however the morphology of small, tight and isoclinal folded veins, which have 
 Chapter 5: Structural reconstruction of the northern Whakataki Formation 120 
variable trend directions and fattened hinges provide countering evidence for pure 
shear (Skjernaa, 1980; Carreras et al., 2005). Carreras et al. (2005) has shown the 
evidence between the geometry of folds and their relationships to a specific 
kinematic vorticity number, which is a quantifiable method of determining the non-
linear ratio between pure and simple shear (Johnson et al., 2009) (Figure 5.14). 
 
Figure 5.14. Fold formation with progressive shearing/flattening (a0 = angle of maximum finite 
flattening, Wk = kinematic vorticity number, 1 = pure shear, 0 = simple shear, Rf = axial ratio of the 
fold, adapted from (Carreras et al., 2005). 
Figure 5.14 provides a schematic diagram that assigns a kinematic vorticity number 
with the degree of hinge flattening and overall geometry of a fold, which constrains 
the degree of pure shear vs simple shear. The figure shows that with continued 
rotation and simple shear fold hinges flatten/buckle and thicken relative to their 
limbs. The occurrence of these folds with hinge flattening, varying asymmetries and 
geometries (Figure 5.11 and Table 5.2) suggest a kinematic vorticity number 
between 0.53 – 1, therefore the northern Whakataki Formation has undergone sub-
simple shear event with primary contraction E-W (Dewey et al., 1998).  
5.3.3 Stratigraphic reconstruction and age relationships 
The structural reconstruction provides evidence that all three units were sheared post-
depositionally, which provides no evidence for their relative ages. If each unit 
expressed separate structural fabrics that defined separated structural deformation 
events then a relative age may have been interpreted. The greatest exposure of the 
Sandstone and mudstone interbeds between the two headlands (Figure 5.2) preserves 
primary sedimentary structures such as bedding that provides younging directions. 
The northern part of the unit (5480000N, 1875400E, Figure 5.2) when projected in 
cross-section provides the best evidence for age relationships despite the absence of 
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contacts. The extended bedding planes in cross-section to the east overlie the 
monomict breccia, which provides an assumed original stratigraphic relationship 
between the two units before erosion and deformation (Figure 5.6). The prevalence 
of younging directions proves the unit has not been overturned, therefore the 
Sandstone and mudstone interbeds are younger and deposited after the monomict 
breccia. Beds at E’ dipping east when projected through to E are >40 m above sea 
level (Figure 5.6), therefore the unit as a whole has been tilted toward the west. 
To the west of cross-section E – E’, the inferred contact between the Sandstone and 
mudstone interbeds and the polymict breccia is hidden beneath 50 m of sand (Figure 
5.5). An age relationship between the two units cannot be determined through 
contact relationships (no primary contacts), or by projecting bedding planes through 
the subsurface as the contact may be sheared. The dip of the monomict breccia and 
overlying Sandstone and mudstone interbeds toward the west suggest that the 
polymict breccia overlies both units and is the youngest unit. Although surface 
expressions of a large thrust fault cross-cutting the outcrop was not observed, fault 
indicators are potentially covered by vegetation inland, exist farther out to sea or all 
surface expressions may have been eroded. Therefore it is possible that the outcrop 
positioning of the polymict breccia relative to the Sandstone and mudstone interbeds 
has been disrupted since deposition and the polymict breccia might be older. Despite 
the possibility of fault offset and the lack of observed primary contacts, it is 
interpreted as the youngest unit of the northern Whakataki Formation.  
The strata of the northern Whakataki Formation comprising of the Sandstone and 
mudstone interbeds can be considered as multilayered with slightly varied but overall 
consistently sized sequences of Sandstone and mudstone interbeds. Laterally 
continuous alternating sequences of sandstone and mudstone beds with assumed 
mechanical anisotropies and no signs of recrystallisation suggest buckling is the 
mechanism producing the analysed folds (Ramsay, 1987). Buckling of multilayered 
strata at conditions near the surface is associated with flexural slip (Watkinson, 1975; 
Ramsay, 1987). Therefore the analysed Sandstone and mudstone beds have not 
undergone induced thinning and thickening as orthogonal thickness has remained 
constant throughout ductile deformation resulting in class 1B folds, which permits 
accurate stratigraphic analysis (Ramsay, 1987).  
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5.3.4 Further work  
Not all folds in the northern Whakataki Formation are coaxial. The progressive 
change in trend from approximately N-S (near the Mataikona River) to variable 
adjacent to Suicide Point can be proposed by two hypotheses: 1) a strain gradient 
where originally aligned N-S trending compositional foliations, folds and 
asymmetric clasts have been deformed from multiple localised deformations; and 2) 
Suicide Point is a rigid body with varying mechanical strength, resulting in separate 
deformation associated fabrics from E-W sub-simple shearing. It would be useful to 
extensively sample Suicide Point to perform a mineralogical analysis to understand 
its composition accompanied by geological mapping. A full compositional analysis 
and structural mapping would ideally define a structural characterisation of Suicide 
Point. This was not undertaken in this work due to time restraints.   
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Chapter 6: Sedimentology and stratigraphy 
of the northern Whakataki 
Formation 
6.1 FIELD OBSERVATIONS AND INTRODUCTION TO THE 
NORTHERN WHAKATAKI FORMATION (5477000N, 1874750E TO 
5580000N, 1875500E) 
The present outcrop of the northern Whakataki Formation comprises two lithofacies 
and one lithofacies association that are characterised by their location. Despite all-
encompassing deformational fabric overprinting and significant erosion, a 
stratigraphic sequence was determined. This is detailed by 420 m of stratigraphy 
outlined in five individual logs at separate exposures along the coast (see Methods 
section for log placement explanation). The logs are presented to exhibit variation in 
grain size, sedimentary structures, bed thickness and lithological contacts, which 
provide the best evidence for defining a paleodepositional model (Figure 6.1). Where 
field data and geochemical analysis lacks to provide comprehensive detail of the 
northern Whakataki Formation lithofacies associations, petrography is supplemented. 
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 Figure 6.1. Overview map of the northern Whakataki Formation study area for Chapter 5 and 6 with 
detailed unit boundaries. West of the outcrop is land and east is the South Pacific Ocean. Red lines 
represent stratigraphic logs. 
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6.1.1 Sedimentology and stratigraphy  
1. Foliated, mud-rich and matrix-supported monomict breccia 
The monomict breccia is a dark-grey, massive, poorly-sorted mudstone. The unit 
consists of quartz with minor traces of calcite, feldspars (albite composition) 
muscovite, kaolin, montmorillonite and pyrite (full percentages in Table 6.1 from 
XRD analysis). Within the mudstone, light brown/beige boulder sized (0.10 m – 4 m 
long) elongate, sigmoidal clasts are consistently massive in fabric, medium-grained 
and rare (~ <2%) (photos of clasts; Figure 5.4). Contacts between the brecciated 
mudstone and clasts are sharp, distinct in textural gradation and colour change. The 
volume of mudstone relative to sigmoidal clasts (<2%) reaches sufficient volume to 
be classified as matrix-supported (Pettingill, 1998). The clasts are calcite-rich based 
on XRD analysis with minor quartz, apatite, muscovite and montmorillonite (Table 
6.1).  
Table 6.1  
X-ray Diffraction analysis of the monomict breccia, numbers presented in percentages. A high 
percentage of material from the brecciated mudstone unit is undefracted, its implications outlined in 
the Methodology section 
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Brecciated 
mudstone.  
53.4 5.2 6.2 - 2.0 2.8 8.2 0.5 20.7 
Limey 
mudstone 
sigmoidal 
clast. 
11.9 73.7 1.9 6.4 - 2.3 3.8 - - 
 
The clasts are variably relieved from the surrounding mudstone, exposed up to 3 m in 
rare cases (northern headland, 5480100N, 1875500E, Figure 6.1). The clasts display 
both asymmetries (dextral and sinistral boudinage, Figure 6.2) and are observed in 
section showing no correlation between asymmetry and location. 
 Chapter 6: Sedimentology and stratigraphy of the northern Whakataki Formation 126 
 
Figure 6.2. Stratigraphic log 4 of the monomict breccia and Sandstone/mudstone interbeds of the 
northern Whakataki Formation (Figure 6.1). P.S = planar sandstone, R.S = Rippled sandstone, P.Sl = 
planar siltstone, M.M = massive mudstone. 
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2. Sandstone and mudstone interbeds 
Stratigraphy comprises five variably reoccurring facies. The facies are characterised 
by their grain size, sedimentary structures and mineralogy. A typical sequence of 
facies consists of normally-graded sandstone beds with varying sedimentary 
structures passing up into planar-laminated siltstone and massive mudstone. Each 
sequence is variably thick between 0.85 m and 3.5 m with a variety of the five facies. 
The facies are noted in Table 6.2 based on a descriptive scheme cross-referenced to 
Bouma (1962). Glaucony will be used as a facies term for sediments that contain 
>20% glauconite and have a characteristic green colour; this term was first proposed 
by Odin and Fullagar (1988). 
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Table 6.2  
Facies Descriptions of the northern Whakataki Formation Sandstone and mudstone interbeds based on Bouma (1962). Full quantitative analysis in Appendix G 
Facies Lithological description Occurrence 
Planar 
sandstone 
Planar-bedded (>1 cm thick) moderately well-sorted (0.62) very-fine sandstone (mean grain size 
= 3.68) with erosional bases and normally-graded to rippled sandstone or planar siltstone 
facies. Planar sandstones are variably thick between 60 – 270 cm. 
Common in sections preserved in the 
middle headland, 5479400N, 1875400E 
comprising 40 – 50% of stratigraphy. 
Rippled 
sandstone 
Ripple cross-laminated (<0.5 cm thick laminae), moderately well-sorted coarse siltstone. 
Rippled sandstones are localised and not laterally extensive, normally-grade into the follow 
mudstone facies and are variably thick (31.6 – 52.5 cm). 
Absent in most of the outcrop. Observed 
near northern headland 5480000N, 
1875400E, <5% of outcrop. 
Planar 
siltstone 
Massive and planar/parallel laminated (0.25cm – 0.5cm), moderately well-sorted (0.59) coarse 
siltstone (3.98) with graded contacts to massive mudstone facies and are variably thick (30 – 
300 cm). If massive mudstone facies are absent then planar siltstones contact sharply with the 
following erosional based planar sandstone. Bioturbation is variable and rare.   
Common throughout all outcrop between 
35% - 50% of all stratigraphy. 
Massive 
mudstone 
Massive mudstone (finer-grained than planar siltstone, >3.98) characterised by sharp contacts 
with the following erosional base of planar sandstone facies. Massive mudstones are variably 
thick between 22.5 – 94.74 cm with an average bioturbation index of <1. 
Rare 5 – 10% of stratigraphy.  
Glaucony Massive, moderately well-sorted (0.56), very-fine sandstone (3.07) characterised by sharp 
contacts with planar sandstones and are >30 cm thick. The sandstone facies is a greenish tinge 
due to the high abundance of the mineral glauconite (>20/25% of all framework clasts). 
Common 100 m south of the 
northernmost headland 5480000N, 
1875400E. 
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The facies are dominantly quartz, feldspar (albite and microcline), and muscovite 
with minor clays such as kaolin, chlorite, pyrite and montmorillonite (minerals 
provided through XRD analysis, Table 6.3). XRD analysis of the Sandstone and 
mudstone interbeds returns a high percentage of undefracted material; therefore its 
interpretation of relative mineral abundances is inaccurate (further explanation in 
Methodology section). Point counting will be used to supplement XRD analysis to 
determine minerals and their relative abundance (Table 6.4 and Table 6.5). 
Table 6.3  
X-ray Diffraction analysis of the planar siltstone facies, Sandstone and mudstone interbeds of the 
northern Whakataki Formation. Numbers in percentages 
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Table 6.4 
Framework grain proportions of the planar sandstone, planar siltstone (estimate) and glaucony facies 
of the Sandstone/mudstone interbeds of the northern Whakataki Formation 
Facies Total 
grains 
counted 
Quartz % Feldspar % Lithic % 
Planar 
sandstone 
348 208 59.8 72 20.7 68 19.5 
Planar 
siltstone 
796 500 62.8 148 18.6 148 18.6 
Glaucony 740 428 57.8 112 15.1 200 27.0 
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Table 6.5 
Matrix percentage in planar sandstone and glaucony facies from the Sandstone/mudstone interbeds, 
northern Whakataki Formation (100% = all framework minerals). Planar siltstone facies was not 
counted due to fine-grained fabric  
Facies Total 
grains 
counted
Framework 
minerals 
% Matrix % 
Planar 
sandstone 
340 285 83.82 55 16.09 
Glaucony 328 277 84.45 51 15.52 
 
 
Figure 6.3. 3D QFL diagram including matrix percentage. Red triangle represents an average matrix 
percentage of all facies, planar siltstone facies is an estimation only (Dott Jr, 1964). 
Planar sandstone facies description 
This facies is a feldspathic wacke with equant and platy, sub-angular to sub-rounded 
grains (Figure 6.7) (following Dott’s (1964) classification of wackes). Clast fabric is 
massive with dominant point, long and rare concavo-convex contacts. Framework 
minerals include monocrystalline quartz, albite, microcline and glauconite. 
Glauconite typically exhibits high relief and well-defined and sub-rounded mineral 
boundaries, point and long contacts with quartz and feldspar grains, representing 2% 
of all framework clasts. Quartz has rare, thin and elongate partial calcite rims (rarely 
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clay). Glauconite less commonly appears within matrix as a very-fine grained, ill-
defined clay surrounding larger primary grains. 
Common clays include muscovite, montmorillonite, kaolin and chlorite as well as 
pyrite that dominate matrix (16% using the point counting method, Table 6.5). Clays 
are very fine-grained and incoherent within the background of larger framework 
grains (Figure 6.7). Calcite is the dominant cementing agent, is dominantly sparry, 
not micritic, averaging <5% bulk rock volume and is undefinable due to its 
consistent fine-grained size. The abundance of fine clays in matrix and calcite 
cement reduces pore space to <5%. 
Planar siltstone facies description 
This facies is an estimated feldspathic/lithic wacke with equant and platy, angular to 
sub-rounded grains (Figure 6.7) (Dott, 1964). Clast fabric is massive with elongate, 
wavy wisps of carbonaceous material >200 μm long. The wisps exhibit relief from 
the surrounding matrix and form point contacts with framework grains such as 
quartz, feldspars and lithic grains. Grain contacts are dominantly point, long and 
rarely concavo-convex. Framework minerals include quartz, albite, microcline and 
rare glauconite (~ 2.5% of all clasts). Muscovite, montmorillonite, kaolin, chlorite 
and pyrite represent 20 – 30% of the rock fabric as very-fine and muddled dark-
brown matrix. The cementing agent of the facies is unclear at 40x magnification 
although it is likely calcite from localised wisps of elongate and slightly wavy 
highly-birefringent material. Pore space is equally difficult to define, estimated as 
<5% due to pervasive and abundant fine-grained matrix. 
Glaucony facies description of the Sandstone/mudstone interbeds 
This facies is a lithic wacke with equant and platy, sub-angular to sub-rounded grains 
(Figure 6.4) (Dott, 1964). Clast fabric is massive and contacts are dominantly point, 
tangential, long and rarely concavo-convex. Framework minerals include 
monocrystalline quartz, albite, microcline and glauconite. Glauconite exhibits high 
relief, well-defined mineral boundaries, is equant, sub-rounded to sub-angular with 
point and long contacts to quartz and feldspar grains, representing 24% of all 
framework clasts. Glauconite also appears as an elongate, ill-defined mineral clast 
within matrix. Larger primary minerals such as quartz exhibit rare, thin and impartial 
calcite/clay linings (Figure 6.4, right photomicrograph top right corner). 
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Figure 6.4. Photomicrographs of glaucony samples (left is plane polarised light, right is cross 
polarised light). Q = Quartz, Tw = twinned feldspar, Lith = lithic grains with a defined grain 
boundary, Cal = calcite cement, Cl = clay. 
Muscovite, montmorillonite, kaolin, chlorite and pyrite represent 15% of matrix and 
exhibit incoherent mineral habits. Calcite is the dominant cementing agent, averaging 
<5% bulk rock volume. Textural and compositional differences in calcite cements 
cannot be accurately defined due to its consistent fine-grained size. The abundance of 
clay and cement within the matrix reduces porosity to <5%. 
The occurrences of the five facies are varied within the Sandstone/mudstone 
interbeds between the two major headlands where the unit is exposed. The best 
preserved and exposed part of the stratigraphic unit is represented by a flat flying 
rocky shore platform towards the northern part of the unit (5480000N, 1875300E), 
expressed in stratigraphic log 5 (Figure 5.6). 
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Figure 6.5. Stratigraphic log 5 of the Sandstone and mudstone interbeds, northern Whakataki 
Formation (Figure 6.1). 
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When projected in cross-section the 120 m of stratigraphy is reduced to 
approximately 35 m due to folding and subsequent bed repetition (Figure 6.6). 
Individual bed thickness was measured true to dip angle in the field so these do not 
need to be adjusted. As a result, the x-axis of Figure 6.6 measuring distance is not an 
accurate map view or cross-section distance, it is a representation of distance related 
to true stratigraphic thickness. 
Additionally, the orthogonal thickness of the repeating beds projected in cross-
section is preserved (outlined in the structural reconstruction, Chapter 5), therefore 
corresponding beds on the other side of the fold hinge are assumed as identical (no 
lateral variability). Stratigraphy from 11 - 15 m and 41 – 74 m will be presented to 
ensure the same bed isn’t analysed twice (Figure 6.6 and Figure 6.7). 
 
Figure 6.6. E – E’ cross-section of the Sandstone/mudstone interbeds, northern Whakataki Formation. 
Red outline of the beds represent unrepeated strata of stratigraphic log 5; 11 – 15 m, 41 – 74 m. A 
generalisation of ‘sandstone’ lithologies is presented for the dipping beds as mudstones are too thin to 
accurately portray in this figure. 
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Figure 6.7. Stratigraphic log 5 of the Sandstone/mudstone interbeds between 11 – 15 m and 41 – 74 
m. Red highlights the stratigraphy analysed that isn’t repeated. Scale of photomicrographs is 0.2 mm. 
P.S = planar sandstone, R.S = rippled sandstone, P.Sl = planar siltstone, M.M = massive mudstone. 
(Legend same as Figure 6.5). 
Differences in facies characteristics including bed thickness, frequency of 
sedimentary structures and lithological contacts are illustrated in stratigraphic logs 4 
and 5 (Figure 6.2 and Figure 6.7).  Overall both stratigraphic columns are 
approximately equal in sand and mud and bed thickness is variable (Figure 6.8, 
Figure 6.9 and Figure 6.10).  
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Figure 6.8. Facies distributions; stratigraphic log vs total facies thickness. 
 
Figure 6.9. Facies distributions; stratigraphic log vs average facies thickness. 
 
Figure 6.10. Sandstone vs mudstone ratios; stratigraphic log vs mudstone/sandstone percentage. 
Facies planar sandstone and rippled sandstone represent the sand interval (pink) and facies planar 
siltstone and massive mudstone represent mud (blue). 
The shore platform is never complete with a sequence of all defined facies (Figure 
6.7), from planar sandstone to rippled sandstone, planar siltstone, massive mudstone 
and glaucony (Figure 6.10). Planar-bedded sandstone facies are common throughout 
the sequence, exhibited in stratigraphic log 5 (50%) that normally grade into planar 
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siltstone facies (~95%) and into ripple sandstone facies (~5%). Ripple laminations 
are rare, <5 mm thick and exposed as discrete, cm-scale sedimentary structures in 
very-fine sandstone beds up to 52.5 cm thick. The localised nature of ripples within 
thick sandstone beds is a result of significant weathering. Rippled sandstone facies 
are rare, (5%) of stratigraphic log 5, (Figure 6.7 and Figure 6.8) and grade normally 
into planar siltstone facies (50%) or massive mudstone (50%). 
The largest planar siltstone bed is ~ 1.26 m thick, which is an anomaly as they are 
normally <52 cm and comprise 35% of all stratigraphy (Figure 6.9). Dark-grey flame 
structures in planar siltstone facies provide a clear sense of younging with flames 
extending up to 15 cm (54 m, Figure 6.7). Massive mudstone facies are rare (10%), 
Figure 6.8) and have variable thickness up to 95 cm, sharing sharp contacts with the 
following base of a planar sandstone facies (83%) or rippled sandstone facies (17%). 
Approximately 10 m west of stratigraphic log 5 (Figure 5.6) the outcrop loses most 
primary sedimentary structures and is characterised by massive, fine sandstone beds 
and glaucony facies (Figure 5.5). This part of stratigraphy is difficult to define and 
was not stratigraphically logged because outcrop is limited (several metres at most, 
Figure 5.5) due to a combination of sand/loose rock coverage and high tides. In parts 
of the outcrop, diffuse thin beds/laminae are assumed, however these are rare and not 
laterally continuous within the sandstone beds. The beds are very-fine sandstone, 
show no grading and due to significant weathering, bed contacts aren’t definable.  
West of the second headland (5479400N, 1875300E, stratigraphic log 4) the 
Sandstone and mudstone interbeds are characterised by planar sandstone (42%), 
planar siltstone (53%) and massive mudstone facies (5%) and is slightly mud-rich 
(Figure 6.10). Sequences are initiated by planar sandstone facies that are commonly 
1 m thick (Figure 6.9), which grade normally into planar siltstone facies exhibiting a 
sharp grain size boundary from very-fine sandstone to coarse-siltstone. Alternating 
planar siltstone and massive mudstone facies at approximately 110 and 115 m 
(Figure 6.2) exhibit coarsening up assuming the beds young toward the west. Dark-
brown/black, wispy, elongate, carbonaceous mudstone layers (5 mm thickness) are 
common in planar siltstone facies at approximately 113 m (Figure 6.2) throughout 
most of the observable bed (~ 20%), which is covered by sand in parts. Massive 
mudstone facies are structureless, with absent trace fossils sharing sharp contacts 
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with the following planar sandstone (33%) or a reoccurring planar siltstone facies 
(67%). 
Trace fossils are preserved in southern localised outcrops at 5478500, 1875000E and 
5479000N, 1875200E in the massive mudstone facies in <15 cm thick beds (Figure 
6.11). Skolithos (6 cm to 13 cm long) are approximately perpendicular to diffuse, 
weakly laminated bedding in planar siltstone facies (Figure 6.11). 
 
Figure 6.11. Skolithos trace fossils in siltstone highlighted by dashed lines. Left: 5478500, 1875000E, 
right 5479000N, 1875200E. 
Localised outcrops of planar siltstone and massive mudstone facies to the south near 
Suicide Point (5477000N, 1874700E and 5478000N, 1874700E) do not preserve 
trace fossils instead these outcrops consist of alternating planar siltstone and massive 
mudstone facies with gradational contacts. The degree of weathering has eroded the 
mudstone beds so that their bases are not exhibited so younging is undefinable based 
solely on normal grading. Millimetre-scale laminae are preserved however they do 
not provide younging direction through cross-stratified relationships like the northern 
outcrop of the Sandstone and mudstone bedded unit with abundant planar bedding 
(Figure 6.7). 
3. Foliated, mud-rich and matrix-supported polymict breccia  
The polymict breccia is a light to dark-grey, massive and rarely graded, poorly-sorted 
mudstone with sigmoidal clasts, veins, sheared horizons, tabular beds and massive 
boulders with distinct mineralogies, grain size and colour from the dominate 
mudstone. In localised outcrops along the coast (abundant outcrop 10 m north of 
Suicide Point, Figure 5.10) primary sedimentary structures are preserved in parts 
including the facies planar siltstone and massive mudstone interpreted and 
categorised as part of the Sandstone and mudstone interbed lithofacies association 
(already described in Table 6.2). These laterally restricted (<10 m extent) sandstone 
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and mudstone beds outcrop along the coastline and do not exhibit compositional 
foliations like the adjacent polymict breccia and provide younging through preserved 
trace fossils and rare normal grading. The lithology geometry details of the polymict 
breccia are outlined in Table 5.1 and the mineralogy of each lithology is presented in 
Table 6.6. 
Table 6.6  
X-ray Diffraction analysis of the polymict breccia, northern Whakataki Formation, numbers presented 
in percentages. Three samples were tested for the mudstone at different locations to provide wider 
range of analysis.  Boulders and carbonaceous beds were not tested because their field lithological 
descriptions are sufficient for this sedimentological and provenance research 
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Foliated 
mudstone  
51.7 9.7 6.6 4.5 0.9 1.5 3.1 6.6 2.0 - 13.5 
Sigmoidal 
clast  
10.7 80.5 2.6 0.7 0.6 0.5 - 1.1 1.3 1.8 0.4 
Veins  29.6 53.4 4.9 1.9 0.6 0.8 - 2.0 0.4 - 6.3 
Sheared 
horizon  
12.3 34.3 1.0 0.4 - 2.1 5.8 5.7 1.1 - 37.3 
 
The foliated mudstone comprises ~ >98% of the polymict breccia, which reaches 
sufficient volume to be classified as matrix-supported (Pettingill, 1998). The 
mudstone is mostly composed of quartz, calcite, feldspars (albite and microcline) and 
muscovite with minor traces of montmorillonite, kaolin, chlorite and pyrite (Table 
6.6). Grain size trends within the polymict breccia vary laterally along the coastline 
exhibiting slight fining and coarsening up sections (Figure 6.12 and Figure 6.13), 
however most commonly the polymict breccia exhibits consistent grain size (Figure 
6.14).  
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Figure 6.12. Stratigraphic log 6 of the polymict breccia, northern Whakataki Formation.  
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Figure 6.13. Stratigraphic log 7 of the polymict breccia, northern Whakataki Formation.  
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Figure 6.14. Stratigraphic log 8 of the polymict breccia, northern Whakataki Formation. 
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Sigmoidal clasts are calcite-rich with minor quartz, albite, bassanite, pyrite, 
muscovite, kaolin and chlorite. The distribution of calcitic sigmoidal clasts and their 
asymmetry is variable. Dextral and sinistral clasts are most common in the south at 
5477100N, 1874700E (Figure 6.12, Figure 6.13 and Figure 6.14), which is the 
greatest exposure of the polymict breccia. On average the clasts are highly relieved 
from the surrounding mudstone up to 1 m, however toward the south where the unit 
is extensively weathered relief is <5 cm (Figure 5.12).  
Small-scale veins are localised in outcrop (5477800N, 1874700E, Figure 6.1) and are 
graded sharply to the surrounding the dark-grey mudstone. The veins are calcite and 
quartz-rich with minor muscovite, microcline, chlorite, kaolin and pyrite (Table 6.6). 
The heavily sheared and deformed light blue-grey, very-fine horizons are massive 
and graded sharply with the surrounding mudstone easily exhibited through 
differences in colour (Figure 6.14). Although the sheared horizons are relatively 
elongate (5 m x 1 m), no alignment is apparent and its orientation is random. The 
sheared horizons are dominantly calcite with quartz, feldspars (albite) and trace 
amounts of muscovite, montmorillonite and chlorite (Table 6.6). 
Tabular carbonaceous beds are abundant at 5477400N, 1874600E, share sharp 
contacts with the surrounding mudstone, are 25 – 50 cm thick and extend for <3 m 
laterally oriented north-south (Figure 6.12 and Figure 6.13). Large quartzite boulders 
are common in the southern part of the polymict breccia (5478000N, 1874800E), 
share sharp contacts with the surrounding mudstone and are highly resistant (up to 3 
m relief, Figure 6.15a). 
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Figure 6.15. Photos of quartzite and glaucony within the polymict breccia, northern Whakataki 
Formation. A. Highly resistant quartzite boulders exposed up to 3/4 m from the surrounding 
mudstone, photo taken facing southeast (Suicide Point in the background). B. Well-exposed glaucony 
boulder 3 m tall with brown staining, photo taken facing north-northwest (5479300N, 1875200E). C. 
Highly-weathered and brown-stained glaucony bed exposed from surrounding sand (5479300N, 
1875200E). D. Highly-eroded and flat-lying glaucony bed with sharp contacts to surrounding dark-
grey mudstone. 
Glaucony boulders are light-green, massive, medium-sand sized glauconitic 
sandstones. Glaucony boulders are common between the two headlands (5479500N, 
1875200E) and extend up to 4 m above the surrounding mudstone, sharing sharp 
contacts (Figure 6.15b). Adjacent to Suicide Point (5478000N, 1874800E) glaucony 
is equally eroded with the surrounding foliated mudstone sharing sharp contacts 
exhibited through textural difference and colour change (Figure 6.15). The flat-lying, 
highly eroded variant of greensand is more abundant than the highly exposed 
glaucony blocks (90/10%).  
6.2 STRATIGRAPHIC AND SEDIMENTOLOGICAL INTERPRETATION 
Projected sandstone and mudstone contacts (middle unit) using available surface data 
presents the age relationship of the three defined stratigraphic units. The abundance 
of primary bedding provides an upward younging direction (no overturning) 
therefore the middle unit overlies the monomict breccia and was deposited after it. 
This age relationship and the overall dip toward the west suggests that the polymict 
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breccia overlies the Sandstone and mudstone interbeds, therefore it is the youngest 
stratigraphic unit of the northern Whakataki Formation (Figure 6.16).  
 
Figure 6.16. Stratigraphic model for the northern Whakataki Formation. Thickness of units is not to 
scale and age of each unit is taken from (Morgans et al., 1996). Details of the Cretaceous and 
Paleogene unit lithology taken from (Chanier & Ferriere, 1991; Lee & Begg, 2002). 
6.2.1 Paleodepositional flow model interpretation 
The following stratigraphic interpretation will outline emplacement mechanisms of 
the northern Whakataki Formation and sedimentology will be used to determine 
provenance.  
1. Foliated, mud-rich and matrix-supported monomict breccia 
The monomict breccia is poorly-sorted and structureless, associated with en masse 
deposits of high-density and particle-supported debris flows (Moore et al., 1976; 
Davies, 1986; Coussot & Meunier, 1996). Thick successions of homogeneous 
mudstone with rare grain size changes suggest a consistent source during a period of 
uninterrupted flow (Davies, 1972; Posamentier et al., 1991). Sharp lithological 
contacts between the sigmoidal clasts with the surrounding mudstone breccia and 
their scattered distribution (poor sorting) within the unit suggest the clasts are a result 
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of transport mechanisms (source) not diagenesis (Aissaoui, 1988; Bekins et al., 
2007). Debris flows that can carry boulder sized blocks in the bedload have 
particular characteristics outlined by many case studies on North Canterbury 
debrites, the Jiangjia Ravine, south-western China and the greater Almatinka Rivers, 
southeast Kazakhstan (Niyazov & Degovets, 1975; Pierson, 1980; Li et al., 1983; 
Davies, 1986). Debris flows with the capability of transporting massive boulders 
within its bedload are referred to as destructive debris flows (Enos, 1977; Kang & 
Zhang, 1980).  
Destructive debris flows are characterised by fluid-solid mixture density >1.5 
tonnes/m3 and deep bed erosion due to its intense flow (Engelund & Zhaohui, 1984; 
Davies, 1986). The destructive ability is due to the consistent pulsing nature of the 
laminar flow with a velocity between 3 – 5 m/s and moderate-high viscosity (Kang & 
Zhang, 1980; Davies, 1986). Case studies show that multiple phase pulses of debris 
flows are initiated by a single slope instability event from regional tectonic events 
(Kang & Zhang, 1980; Li et al., 1983). Pulsing flows are commonly associated with 
slope instabilities in open channels where channel walls do not affect the bulk flow 
pattern and grain interaction (Davies, 1986; Julien & Hartley, 1986).   
2. Sandstone and mudstone interbeds 
Facies associations of the described Sandstone and mudstone interbeds suggests 
deposition by preferential sorting where particles settle based on particle weight from 
a turbulent flow (Lowe, 1982; Kneller & Buckee, 2000; Johnson et al., 2001). 
Therefore the sequences of alternating sandstone and mudstone beds are turbidites 
(Bouma, 1962; Kneller & Branney, 1995). Using the descriptive scheme proposed by 
Bouma (1962), planar sandstone  = Tb, rippled sandstone = Tc, planar siltstone = Td 
and massive mudstone = Te (see Nomenclature section for further explanation). 
Consistent normal grading of the studied sandstone and mudstone facies presents the 
best evidence of a classic turbidite sequence as erosional bases are not always 
available due to erosion (Bouma, 2004).  
The flow deposits differ in two ways from the classic Bouma sequence. Stratigraphic 
packages lack full sequences of all facies, missing the massive Ta sandstone facies 
completely and commonly missing the Tc facies (Bouma, 1962). These deposits are 
interpreted using Kneller’s (1995) scheme as depletive steady flows, which are 
associated with low-density turbidity currents (Kneller, 1995; Bouma, 1997). Tb 
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facies, which are the coarsest-grained samples in outcrop are very-fine sandstone; 
according to Bouma’s sequence these beds should be medium to fine sandstone 
(Bouma, 1962). The same trend continues for the other facies (assumed for Tc and 
Te facies due to lack of quantitative analysis), therefore this characteristic is likely a 
product of source, not transportation mechanisms and depositional environment 
(Dickinson, 1985; Bahlburg & Floyd, 1999).  
Basin-wide stratigraphic trends over time provided in Chapter 4 for the southern 
turbidites cannot be completed for the northern turbidites. Correlations between the 
northern parts of the unit (stratigraphic log 5, Figure 6.1) with the middle sections 
(stratigraphic log 4, Figure 6.2) cannot be determined due to the absence of bed 
contacts and abundance of faulting and fracturing. The analysed stratigraphy of the 
turbidites is grouped and any stratigraphic trends recognised will be treated as lateral 
variability within the same turbidite depositional sequence. The stratigraphy farthest 
north, outlined in stratigraphic log 5 (Figure 6.7) and exhibited in cross-sections E – 
E’ and F – F’ (Figure 5.5 and Figure 5.6) is characterised by thick sandstone and 
mudstone beds, up to 2.5 m in rare cases that suggest prolonged deposition. This 
reflects a stable depositional environment with steady sediment supply (Kneller, 
1995; Kirschner et al., 2000; Johnson et al., 2001). Thick massive beds and frequent 
parallel laminated Tb facies indicate a high-energy environment, in the upper flow 
regime likely levee/levee-overbank deposits proximal to a channel (Mutti, 1985; 
Walker, 1992). The absence of massive sandstone beds (Ta facies) suggests that the 
flow did not have the capacity to maintain sediment coarser than very-fine sandstone 
of Tb facies in suspension during flow (Reading & Richards, 1994; Shanmugam, 
2000; Bouma, 2004). 
Well-developed planar stratification (Tb) and rare rippled cross-beds (Tc) is ascribed 
to various causes such as turbidite flows being too rapid or too thin due to lack of 
sediment supply (Stow, 1994; Meiburg & Kneller, 2010). In this case it is more 
likely that ripples are rare due to fast flows, where sand cannot deposit to form 
ripples in the lower flow regime (Johnson et al., 2001; Jobe et al., 2012). Td and Te 
couplets common in the middle headland (stratigraphic log 4) represent pelagic 
settling and are associated with distal basin plain settings with low energy levels 
(Bouma, 2004). These mudstone beds are usually thick up to 3 m, which suggests 
low energy settling was consistent and prolonged. Flame structures suggest high 
 Chapter 6: Sedimentology and stratigraphy of the northern Whakataki Formation 149 
rates of sedimentation and suspension fallout, where quick deposition of overlying 
sediments and significant reworking has resulted in differential pressure and soft-
sediment migration expected in a proximal depositional environment (Wetzel & 
Aigner, 1986; Fraser, 1989; Seilacher, 2007; Meiburg & Kneller, 2010). 
Skolithos ichnofossils observed in Te facies (Figure 6.1) as well as the percentage of 
mudstone and fine-grained facies observed in localised outcrops adjacent to the 
polymict breccia provide evidence for a bathyal, deep-marine and lacustrine 
depositional environment (Seilacher, 1978; Brett, 1995). The variable bed geometries 
of these localised outcrops of turbidites and absence of contacts provide no clear 
relationship with the polymict breccia and no interpretation can be made. 
To summarise, the combined occurrences of high-energy and thick-bedded Tb facies 
and lower energy, pelagic settling Td and Te facies suggests neither a proximal or 
distal depositional setting. Equal abundances of all facies suggests a moderate-energy 
environment, analogous to a typical mid-fan setting (Bouma, 1997). An overall 
depositional style cannot be determined from the evidence provided in this chapter 
distinguishing between typical submarine fan processes or sheet-like turbidite 
deposition. The interpretation of the northern Whakataki Formation turbidites 
provides a general description of turbidite facies and their typical deep-marine 
sedimentation styles outlined by numerous works, specifically Reading and Richards 
(1994) and Bouma (2004). A final paleodepositional model for the complete 
Whakataki Formation including the southern Whakataki Formation turbidites will be 
discussed in Chapter 7, outlining external controls on sedimentation styles such as 
source and flow emplacement. This will ideally allow an accurate and complete 
paleodepositional model portrayal. 
3. Foliated, mud-rich and matrix-supported polymict breccia 
The structureless nature and poor sorting of the mud-rich and matrix-supported 
breccia suggests it was deposited by high-density and particle-supported debris flows 
(Moore & Karig, 1976; Fisher, 1983; Coussot & Meunier, 1996). The frequent 
occurrence of large boulder sized clasts (calcitic clasts and quartzite blocks) suggest 
a destructive debris flow, consistent with a high density >1.5/T/m3 flow exhibiting a 
pulsating laminar nature, high viscosity and a velocity between 3 and 5 m/s (Davies, 
1986). These characteristics of the debris flow are associated with open channel 
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emplacement initiated from a single pulse or multiple pulsed flow (Johnson & Rahn, 
1970; Kang & Zhang, 1980).  
6.2.2 Debris flow and turbidity current behaviour 
Turbidity currents and debris flows are common in numerous environments (Komar, 
1969; Reading & Richards, 1994). Debris flows occur in subaerial (arid and semi-
arid environments initiated by heavy rainfall) and submarine environments 
(Middleton & Southard, 1984; Coussot & Meunier, 1996; Yang, 1996). When found 
together in the successions the likely paleodepositional environment is deep marine 
at bathyal depth or lacustrine (Embley, 1976; Fisher, 1983). The turbidites and 
debrites analysed of the northern Whakataki Formation exhibit sedimentary 
structures such as normal grading, planar laminae, ripples and homogeneous 
mudstone, which are common in both environments (Walker, 1992; Zou et al., 2012).  
The depositional environment of debrites and turbidites has been outlined from 
numerous works locally to the east coast, North Island, New Zealand (Van der 
Lingen et al., 1985; Neef, 1992; Field, 2005), and globally (Hampton, 1972; Fisher, 
1983; Kirschner et al., 2000) that study the roles of subaqueous sediment flows in 
deep marine settings. In deep water environments at bathyal depths debris flows 
behave as Bingham plastics (Yang, 1996). Their yield strengths held within grain to 
grain contacts must be overcome before it can flow (Yang, 1996; Iverson, 1997). 
When continental slopes are steep, ~ 10°, debris flows are fast and short-lived 
(McLaren & Bowles, 1985; Coussot & Meunier, 1996). Conversely, when slopes are 
gentle, <5°, debris flows act as slow moving short-lived and long-lived flows 
(Coussot & Meunier, 1996; Shanmugam, 1996; Iverson, 1997). Flows may even 
propagate down slopes of 1 – 2° and commonly travel 10 km or less (Posamentier et 
al., 1991; Coussot, 1994; Lowe & Guy, 2000). Established by the large clasts in both 
breccia units, the monomict and polymict breccias were deposited by fast moving 
and short-lived flows (<10 km) that were highly concentrated and dense, emplaced 
on steep slopes (>5°) (Tsan, 1974; Chanier & Ferriere, 1991; Von Gosen et al., 1995; 
Bailleul et al., 2013). Conversely, the low-density and partially mud-rich turbidites in 
the northern Whakataki Formation was deposited by long-lived turbulent flows on 
the order of 100’s of kilometres (Bouma, 2004). 
Skolithos in the Sandstone and mudstone lithofacies associations provides evidence 
for marine deposition although they are also less commonly observed in fresh-water 
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lacustrine deposits (Benton & Harper, 1997). The southern Whakataki Formation 
trace fossil assemblage allows for a marine interpretation due to its variability, 
however Skolithos alone does not provide definitive evidence. The relationship of the 
northern and southern Whakataki Formation will be discussed in Chapter 7, which 
will provide an interpreted paleodepositional environment. 
6.2.3 Sedimentology and source 
Foliated, mud-rich and matrix-supported monomict breccia 
Albite is a plagioclase feldspar and is associated with volcanic derived sources 
(Helmold, 1985; Morton et al., 1991). The feldspar can survive multiple stages of 
recycling and weathering (particularly in cold climates) and its moderate abundance 
in the mudstone of the monomict breccia suggests a moderately mineralogically 
matured source (Pittman, 1970; Pettijohn, 1987; Nesbitt et al., 1996). Apatite, which 
is solely within the calcitic clasts, when found with heavy minerals such as biotite, 
hornblende, monazite, rutile, titanite, pink tourmaline and zircon suggests an alkaline 
igneous source rock can be defined, however the apatite is found alone, therefore 
source rock associations are unreliable (Pittman, 1970; Bahlburg & Floyd, 1999). 
The sigmoidal clasts are calcite-rich therefore they are likely derived from a 
limestone unit (Mount, 1984; Chanier & Ferriere, 1991; De Batist & Jacobs, 1996). 
Other minerals within the monomict breccia (outlined in Table 6.1) provide no 
evidence for source based on XRD analysis. 
Turbidite deposits (Sandstone and mudstone interbeds lithofacies association) 
Facies in all parts of the turbidites are equally moderately well-sorted and rounded 
with approximate equal abundances of quartz, feldspar and lithic grains. This 
suggests the source of the turbidites in all parts of the analysed stratigraphy is 
similarly texturally mature (Dickinson, 1985; Johnsson & Basu, 1993). The 
consistent fine-grained nature, low abundance of albite and microcline and undulose 
extinction of monocrystalline quartz provide evidence for a mature source however 
the low percentage of quartz also suggests overall moderate maturity (Tullis, 1970; 
Barber & Wenk, 1991; Stipp et al., 2002). QFL analysis, which defines the facies as 
lithic/feldspathic wackes are associated with a recycled orogen source (Figure 6.17). 
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Figure 6.17. QFL for turbidites of the northern Whakataki Formation. X marks an average for all 
analysed facies that are approximately 60% quartz, 20% feldspar and 20% lithic fragments (Dickinson 
et al., 1983). 
Petrographic characteristics of carbonaceous mud such as its wispy nature, high 
relief from the surrounding matrix and cross-cutting relationships of the matrix 
suggests it is source related, not kerogen maturation related. Typically matured 
hydrocarbons that form within sedimentary rocks occurs within pore spaces as they 
represent a diagenetic, pore-filling process (Boles, 1981; Abdou et al., 2009; Islam, 
2009). Without conducting fluorescent light studies the origin of the carbonaceous 
material, terrestrial or marine, cannot be accurately determined.  
Foliated mud-rich, matrix supported polymict breccia 
The abundance of albite and microcline within the mudstone unit, which comprises 
98% of the polymict breccia is associated with a mature and volcanic derived source 
(Morton et al., 1991; Bahlburg & Floyd, 1999). The sigmoidal clasts, blue sheared 
zones, quartzite blocks and glaucony beds/boulders with distinct sharp contacts, 
differences in resistivity to erosion to the surrounding mudstone and their scattered 
distribution suggest they are associated with provenance rather than diagenetic 
related processes. Glaucony facies is likely diagenesis related due to its low 
hardness, however this cannot be confirmed without petrographic analysis or K-AR 
age dating. 
The calcite-rich clasts and blue-grey sheared horizons are associated with a limestone 
source unit (Mount, 1984; Chanier & Ferriere, 1991; De Batist & Jacobs, 1996), the 
tabular carbonaceous fragments represent either a marine or a terrigenous source and 
quartzite blocks a mature source that has undergone slight metamorphism 
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(Teichmüller & Teichmüller, 1982; Morton et al., 1991; Neef, 1995; Arribas et al., 
2003). 
Bassanite, which occurs as trace amounts (1.8%) within the calcitic sigmoidal clasts 
is a calcium sulphate hemihydrate (half water), which is relatively rare, found 
predominantly in Mount Vesuvius deposits and Californian/Australian dry lake bed 
deposits often associated with interlayers of gypsum (Gaines et al., 1997; Singh & 
Middendorf, 2007; Lynch et al., 2013). The rarity of this mineral globally and its 
similar chemical makeup to gypsum, suggests XRD analysis has interpreted the 
mineral incorrectly with unsuited parameters set during analysis. This is a common 
occurrence during XRD analysis when sedimentary layers are interstratified with 
other minerals, which results in diffuse XRD mineral trace patterns for 
inhomogeneous and poorly crystalline samples. 
Gypsum is present in sandstones as detrital grains and can also form as a cement 
during diagenesis (Hardie & Eugster, 1971; Manzi et al., 2005). The absence of other 
associated sulphate minerals such as anhydrite and barite suggest that gypsum is 
detrital (Hardie & Eugster, 1971). Gypsum forms in many environments including 
deposition and evaporation from lake and sea water, in hot springs, volcanic vapours, 
sulphate solutions during veining and can rapidly oxidise from pyrite in the presence 
of calcite (Hardie & Eugster, 1971; Vai & Lucchi, 1977), therefore it provides little 
evidence for source of the polymict breccia.  
All lithologies of the northern Whakataki Formation and their implications for 
provenance will be discussed in Chapter 7, relating their outlined mineralogies to 
particular source units with correlating sedimentology. 
6.2.4 Debris and turbidity flow behaviour in deep marine environments 
In deep-marine environments high-density debris flows can transform into turbidity 
currents under many circumstances (Fisher, 1983; Middleton & Southard, 1984; 
Iverson, 1997). Debris-turbulent transformations are induced by changes in particle 
concentration, thickness of the flow, and velocity (Gloppen, 1981; Fisher, 1983). 
These changes can transform flows partially, where initially homogeneous, highly 
concentrated and structureless flows become gravitationally segregated, essentially 
laminar-moving underflows with an overriding dilute turbulent flow (Hampton, 
1972; Fisher, 1983; Coussot & Meunier, 1996). Increased energy of the flow can 
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even results in complete particle segregation and a full transformation into a 
turbulent flow (Kuenen & Menard, 1952; Bouma, 1962; Coussot, 1994; Kneller, 
1995). Flow transformations are well-documented and many cases are presented in 
structurally active settings where slope angle and sedimentation rates are dynamic 
(Karig & Sharman, 1975; Gloppen, 1981; Chanier & Ferriere, 1991; Bailleul et al., 
2013).  
This phenomenon cannot be defined here due to the limited exposure of outcrop.  
Flow transformations occur over hundreds of kilometres, which require a broad-scale 
analysis involving greater stratigraphic analysis than what is provided here in this 
research (Kuenen, 1951; Kuenen & Menard, 1952; Fisher, 1983; Shanmugam, 1996). 
Based solely on these observations, the emplacement mechanisms from the analysed 
flows depositing separate units comprise distinct mineral assemblages, therefore they 
are not interpreted as one flow style that has undergone multiple transformations 
form debris flow to turbidity current. Turbidites exhibit Newtonian behaviour in 
contrast to debris flows (cohesive strength from matrix support), which prolongs 
their suspension in the flow due to grain-to-grain collisions that generate dispersive 
pressures (Iverson, 1997; Meiburg & Kneller, 2010). When assuming the turbidites 
and debris flows are unrelated through flow transformation, the turbidite currents 
travel much greater distances. This results in a wider range of potential sources for 
the turbidites and provenance subject to error, these limitations and interpretations 
will be presented in Chapter 7. 
6.2.5 Burial history and diagenesis 
Monomict and polymict breccia 
Both monomict and polymict breccias present the same characteristics of burial 
history. Common clays in the mudstone (~98% of both breccias) such as muscovite, 
kaolin and montmorillonite comprise 10 – 15% of the monomict/polymict breccia 
and have a variety of origins. The prevalence of smectitic clays however suggests 
temperatures less than 70 - 80°C, associated with shallow burial depths (Bjørlykke et 
al., 1989). At greater temperatures these clays typically are replaced by illite 
(Bjørlykke et al., 1989). 
Carbonate cementation is present in both mud-rich units; (<10%) and occurs in 
shallow-water environments with specific pressure and temperature conditions 
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(Curtis, 1986; Bekins et al., 2007). Diagenetic calcite (<10% in both units) 
commonly forms from carbonate enriched pore waters from biogenic ooze and its 
occurrence in these sedimentary units suggests shallow depth diagenesis in 
temperatures <80°C (Walderhaug & Bjørkum, 1998). In typical conditions a depth 
can be determined from calcite precipitation with a temperature <80°C, which in 
standard conditions would suggest <2 km however due to New Zealand’s active 
volcanism and irregular subsurface temperature gradients this cannot be achieved 
(Ballance, 1988; Nicholson et al., 2004). Pyrite is found in trace amounts in both 
breccia units and typically forms from replacement processes of other materials in 
deep marine processes, commonly woody fragments and algal material (Berner, 
1984).   
Turbidite deposits 
Point contacts are the most common grain boundary of all defined turbidite facies. 
Occasional long and concavo-convex contacts are observed however they are 
relatively rare. The frequency of these contacts suggests the turbidites were 
mechanically compacted at shallow depths reducing rock porosity (Burley et al., 
1985; Mackenzie, 2005). Quartz cementation, pressure solution and sutured grain 
contacts generally occur at depths greater than 2 km (Figure 4.23), therefore the 
absence of these minerals and fabrics suggests the turbidites remained at a shallower 
burial depth (Bjorkum, 1996; Stone, 1996; Totten, 1996). Similarly calcite 
cementation (approximately 5% of all facies) provides evidence for shallow burial 
(temperatures <80°C, (Surdam et al., 1989)). Glauconite within the turbidites suggest 
glauconisation processes that reflect low or high energy shallow marine 
environments up to 1000 m during diagenesis, below wave base on the continental 
shelf and slope (Odin and Fullagar, 1988; Odin and Morton, 1988). 
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Chapter 7: Discussion and Interpretations 
The study of the Tonga-Kermadec subduction zone and its geological implications 
for New Zealand has been extensively documented (Chanier & Ferriere, 1991; 
Beanland et al., 1998; King, 2000; Davy et al., 2008; Bailleul et al., 2013). The 
Miocene Whakataki Formation sedimentary deposits like many other formations in 
the region can be directly related to this subduction as it marks a significant tectonic 
regime shift. Passive margin Paleogene series were dominant before subduction, 
which rapidly evolved to nappe emplacement from thrust fault formation and 
subsequent thrust sheet displacement creating eroded sediment flows (Chanier & 
Ferriere, 1991; Bailleul et al., 2013). The findings of this thesis has extended on 
previous studies of the Whakataki Formation (Neef, 1992; Field, 2005; Bailleul et 
al., 2007; Bailleul et al., 2013) by providing an unprecedented detailed analysis of 
sedimentology through petrography, geochemistry and stratigraphy based on logging 
and field mapping. This work has placed a greater context to detailed studies of other 
subduction related deposits along the east coast such as the Pahaoa olistostrome and 
Flat Point sediments (Chanier & Ferriere, 1991). 
7.1 SEDIMENTOLOGICAL AND STRATIGRAPHIC RECONSTRUCTION 
OF THE WHAKATAKI FORMATION 
7.1.1 Sedimentology and unit composition 
The monomict and polymict breccia are thick and homogeneous mudstone bodies 
with consistent grain size and lack preserved sedimentary structures. Sedimentary 
structures may have been overprinted by post-depositional shearing however 
frequently occurring boulders within the units suggest a structureless and erosive 
debris flow. The boulders within the flow up to metres in diameter required a 
destructive flow with high-moderate viscosity travelling between 3 – 5 m/s to carry 
these boulders within its bedload (Enos, 1977; Iverson, 1997). This is unachievable 
by turbidity currents as these flows do not have a cohesive mud matrix (Major & 
Pierson, 1992; Lowe & Guy, 2000). 
Two lithofacies and two lithofacies associations were defined and detailed in this 
study characterised by their location, sedimentology and structural fabrics. This 
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initial characterisation of these deposits was essential because each of these units are 
laterally restricted and their stratigraphy cannot be traced due to absence of contacts 
and variety of structural overprinting. The sedimentology of these units are detailed 
qualitatively through field descriptions and when required, they were detailed 
quantitatively through petrography, XRD and SEM analysis. The attributes of the 
two lithofacies, which outcrop once each follows: 
 1. The northern Whakataki Formation foliated, mud-rich and matrix-
supported monomict breccia: occurs once (0.6 km2 exposed) and is characterised as a 
dark-grey, massive and poorly-sorted mudstone (98% of the unit) with rare (<2%) 
light-brown/beige, massive, medium-grained, elongate (0.10 m – 4 m long) and 
sigmoidal calcitic clasts. The clasts are relieved and highly exposed from the 
surrounding mudstone up to 3 m and share sharp contacts with the mudstone through 
textural and colour change. Kaolin, montmorillonite and mica clay groups are 
common in the mudstone (13%), less abundant in calcitic clasts (6%), both 
lithologies containing albite (plagioclase feldspar). 
2. The northern Whakataki Formation foliated, mud-rich and matrix-supported 
polymict breccia: occurs once (1.6 km2 exposed) and is characterised as a dark to 
light-grey, massive, rarely-graded and poorly-sorted mudstone (98% of the unit) 
with: (1) beige, massive, medium-grained, elongate (0.1 – 1.5 m long), sigmoidal and 
calcitic clasts: (2) beige, massive, fine-grained, sinuous (2 – 3 cm thick, 2 – 5 m 
long), folded and calcitic veins: (3) blue-grey, massive, medium-grained, highly-
sheared, highly-eroded and calcitic horizons: (4) orange/brown and green boulders 
that are massive, medium-grained, quartzite and glaucony (glauconite-rich facies) 
blocks: (5) brownish-black, massive, very-fine grained and tabular (0.5 m thick, 2 – 3 
m long) carbonaceous mudstone beds. The calcitic clasts, glaucony and quartzite 
boulders are relieved from the surrounding mudstone up to 3 m and share sharp 
contacts through textural and colour change (for details on location of these 
lithologies see Chapter 6 results). The dominant mudstone of the unit (98%) and the 
defined lithologies (except quartzite, glaucony and carbonaceous mudstone) 
comprise varying amounts of kaolin, chlorite, montmorillinite and mica clay groups 
with consistent occurrence of albite, microcline and rare pyrite.  
The lithofacies association Sandstone and mudstone interbeds occur seven times, 
comprising the complete southern Whakataki Formation and parts of the north (six 
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outcrops). The beds are laterally extensive in the south, ranging from 1 to 2 km, 
whereas the northern turbidites are less exposed approximately between 10 to 50 m. 
The lithofacies association including the facies Ta, Tb, Tc, Td, Te and glaucony are 
distributed in different proportions in each outcrop described. Both southern and 
northern sections of the Whakataki Formation display the normally-graded 
successions generally beginning with planar-bedded sandstone eventually ending 
with a massive mudstone. This suggests preferential settling based on particle weight 
interpreted as turbidite successions despite the lack of erosive scour surfaces of the 
northern Whakataki Formation lithofacies associations. Typically beds of the north 
are thicker than the south, averaging approximately 64 cm compared to 
approximately 6 cm. The details of the lithofacies associations follows: 
1. The southern Whakataki Formation turbidites: Composed of light to dark-
grey and brownish fine-grained turbidites with 1877 beds logged in total. Grain size 
ranges from very-fine grained sandstone (Ta, 3.95) to mudstone (Te, >5.14). The 
turbidites are classified as feldspathic wackes (15 – 16% matrix, composed of kaolin, 
chlorite, montmorillonite and mica clay groups) with monocrystalline quartz 
(undoluse extinction), albite, microcline, glauconite (3 - 5%), rare diopside and 
gypsum. Localised carbonaceous mudstone layers comprise <10% of beds observed 
(estimated), which are localised (few metre outcrops). The turbidites contain calcite 
cement (5%) and exhibit low porosity <5%. 
2. The northern Whakataki Formation turbidites: characterised by light to 
dark-grey and brownish fine-grained turbidites with 75 beds logged in total. Grain 
size ranges from very-fine grained sandstone (glaucony, 3.07) to mudstone (Te, 
>3.98). The turbidites are classified as feldspathic and lithic wackes (15 - 16% 
matrix, comprised of kaolin, chlorite, montmorillonite and mica clays) with 
monocrystalline quartz (undoluse extinction), albite, microcline and glauconite. 
Glaucony facies (>20% framework glauconite) are not pervasive throughout the 
outcrop, observed between the two headlands of the northern Whakataki Formation 
only (for location details see Chapter 6 results section). All other facies of the 
northern turbidites consist of approximately 5% glauconite framework minerals that 
exhibit well-preserved clasts with mechanical weathering and rare partial calcitic 
cement linings. Localised and rare carbonaceous mudstone wisps comprise <20% of 
planar sandstone (Tb) and planar siltstone (Td) facies of the middle headland, absent 
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elsewhere. The turbidites comprise of calcite cement (5%) and exhibit low porosity 
<5%. The localised Sandstone and mudstone interbeds along the coastline consist of 
Td (4) and Te (4) Bouma intervals of assumed feldspathic/lithic wacke turbidites.  
7.1.2 Facies architecture  
Classified broadly the two lithofacies (breccias) and lithofacies associations 
(southern and northern Sandstone and mudstone interbeds) depict two depositional 
styles; debris flows and turbidity currents (Bouma, 1962; Mulder & Alexander, 
2001). Episodic deformation of the eastern coast of the North Island, New Zealand, 
has affected the Whakataki Formation and has altered its stratigraphy and the 
resulting outcrop exposure reveals a very complex sequence of sedimentary units 
(Bailleul et al., 2013).  
The southern and northern turbidites, which cannot be stratigraphically correlated 
due to the structural complexity and hidden outcrop are sedimentologically similar. 
Both turbidites share similar microfabrics including mineral shape (equant and platy, 
sub-angular to sub-rounded), fabric (moderately to well-sorted) with equal 
abundances of quartz, feldspar (albite and microcline) and lithic grains suggesting a 
mature, reworked and recycled orogenic source. Both turbidite sequences are fine-
grained compared to the classic Bouma model (Bouma, 1962) and contain localised 
carbonaceous mudstone and epigenetic glauconite. All of these shared characteristics 
detailed by petrography suggest that they originated from the same source and it is 
assumed their emplacement and diagenesis is related. 
Conversely, the polymict breccia is lithologically diverse relative to the monomict 
breccia including calcitic veins, calcitic sheared horizons, glaucony beds/boulders, 
quartzite boulders and discontinuous tabular carbonaceous beds. This provides 
sufficient evidence to interpret the deposits as separately sourced and deposited 
independently. The localised outcrops of turbidites are assumed to be analogous to 
the southern and northern turbidites, however their relationship is unclear and cannot 
be used in the stratigraphic and paleodepositional model. 
The age relationships between the monomict breccia, turbidites and polymict breccia 
were defined by constructing cross-sections through a small section of outcrop where 
the folded turbidites are best preserved. These beds were projected toward the east to 
determine whether these beds overlie or are overlain by the monomict breccia before 
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erosion. The cross-section of the area clearly exhibits the turbidites overlying the 
monomict breccia and that the stratigraphic sequence is tilted toward the west. The 
prevalence of basal contacts, graded bedding, planar lamination, rippled lamination 
and flame structures provide an upward younging direction for the turbidites, 
therefore they have not been overturned and are younger than the monomict breccia. 
The natural progression of this sequence that dips toward the west suggests the 
polymict breccia overlies the turbidites and is subsequently younger. Contacts 
between breccias and the middle-aged turbidites are interpreted as unconformable. 
Paleoflow markers of the southern turbidites provide a north-northeast turbidity flow 
direction and this is the assumed emplacement direction of all turbidites. An 
aggrading sedimentation style with progressive deposition toward the north would 
suggest the southern turbidites were deposited before the northern turbidites and 
allow a complete stratigraphic model to be presented (Posamentier et al., 1991). A 
coarsening up sequence is observed in the southern turbidites stratigraphy, which is 
associated with an increasing sediment supply and an aggrading depositional style 
(Leverenz, 2000). The unidirectional paleoflow suggests a single point-source and 
the thick-bedded turbidites with variable sandstone and mudstone content is 
associated with sheet-like turbidite deposition, but provides no evidence for relative 
age of the southern or northern turbidites (Leverenz, 2000; Bailleul et al., 2013). 
Because sedimentation style cannot be determined from the provided data, the 
relative age of the northern and southern turbidites remains unknown, the 
implications of either ages related to emplacement will be discussed. The 
stratigraphic model of the Whakataki Formation is outlined in Figure 7.1. 
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Figure 7.1. Stratigraphic model of the Whakataki Formation with correlated southern and northern 
turbidite deposits with unknown relative age. The monomict breccia is locally overlain by the 
widespread turbidites and represented as pinching out, similarly the polymict breccia locally overlies 
the turbidites and pinches out. Stratigraphic unit thickness is not to scale as this remains unknown. 
Numerals on the southern turbidites represent stratigraphic logs 1, 2 and 3 (outlined in Chapter 4). 
Figure 7.1 displays the southern turbidites as stratigraphically correlated to the 
northern turbidites although this cannot be confirmed. This interpretation is based 
entirely on their sedimentological similarities. The turbidite deposits are laterally 
variable in sand vs mud ratio, thickness and facies distribution. Southern turbidites: 
characterised by normally-graded sandstone and mudstone interbeds that are 
incomplete with very rare Ta facies and rare Tb facies. This depositional phase 
records thin-bedded, mud-rich (70%) sequences of dominantly Tc through to Te 
facies and the average sequence thickness is 18 – 20 cm. Up stratigraphy 
(stratigraphic log 3, see Chapter 4 results), turbidites are characterised by normally-
graded Bouma sequences (turbidites) that are incomplete with very rare Ta facies. 
This depositional phase records thin-bedded, sand-rich (80%) sequences of 
dominantly Tc through to Te facies and the average sequence thickness is 30 cm. In 
this section of stratigraphy Td and Te facies are thinner, reduced from an average 6 
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cm to 3 cm. Conversely sandstone facies (Tb and Tc) increase in thickness from an 
average of 4 cm to 12 cm. These stratigraphic logs record 120 m out of a total 730 m 
representing an overall coarsening up sequence. Northern turbidites: characterised by 
normally-graded sandstone and mudstone interbeds that are incomplete with no 
observed Ta facies. The turbidites are thick-bedded, equally sand and mud-rich 
sequences of dominantly Tb through to Te facies and the average sequence thickness 
is between 0.85 – 3.5 m. The stratigraphy of the northern turbidites due to sand 
coverage and structurally complexity prohibits stratigraphic thickness of the 
turbidites being determined. 
This stratigraphic model differs from previously published models, specifically 
Bailleul et al. (2013) that states the base of the Whakataki Formation is characterised 
by unstructured mudstone olistostromes (breccias) overlain by turbidites. This is an 
over simplistic stratigraphic model with a generalisation of a single breccia unit. This 
research has divided the previously described olistostrome into two units through a 
complete sedimentological analysis and has concluded that debris flows were 
deposited before and after the turbidites, providing greater detail of the emplacement 
mechanisms and the overall paleodepositional model.  
7.1.3 Debris and turbidity flow emplacement: 23.5 – 20.5 Ma 
The age of the Whakataki Formation is outlined by Morgans et al. (1996) by 
foraminifera dating, giving an emplacement age between 23.5 and 20.5 Ma. This age 
range will be used for this depositional history because recovered foraminiferas from 
the southern turbidites yielded no results (for more information on age dating process 
see Methods section). 
The deposition of the Whakataki Formation was initiated by contraction that was 
produced from the onset of subduction that placed strain on the east coast of New 
Zealand that formed large-scale thrust faults (Chanier & Ferriere, 1991; Bailleul et 
al., 2013). The movement of the hanging wall of the thrust fault, referred to as a 
thrust sheet, eroded basal units that travelled down slope and deposited within a 
subsidised area eventually forming a trench-slope basin (George, 1992; Leverenz, 
2000; Bailleul et al., 2013). The presence of non-graded and massive mudstones 
(debris flows) and normally-graded sandstones (turbidites) is indicative of a 
subaqueous and submarine environment (Embley, 1976; Fisher, 1983). Trace fossil 
assemblages such as Nereites, Zoophycos, Skolithos, Chondrites, Lorenzia, 
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Planolites and Cruziana, authigenic glauconite and foraminiferas indicate deposition 
was in an open marine bathyal setting (Benton & Harper, 1997).  
The initial process of erosion, sediment transportation and deposition is preserved 
within the rock record of the Whakataki Formation represented by the monomict 
breccia (oldest deposit) followed by turbidites and the polymict breccia, outlined 
herein. 
1. The monomict breccia is characterised by the constant deposition (steady 
flow) of a destructive and localised debris flow, defined by its capability to 
transport large metre scale calcite-rich blocks within its flow. This suggests 
the debris flow was high density (> 1.5 tonnes/m3), high-moderate viscosity 
and flowed between 3 – 5 m/s emplaced within an open channel, where the 
walls did not interfere with flow mechanics (Engelund & Zhaohui, 1984; 
Davies, 1986) (Figure 7.2). For debris flows to support large blocks 
throughout complete transportation the flow requires cohesive strength of fine 
material in the flow, buoyancy due to excess pore-water pressure and 
dispersive pressures (Davies, 1985). Debris flows typically travel short 
distances < 20 km (Enos, 1977; Engelund & Zhaohui, 1984) and in rare cases 
travel up to 80 km (Washington, northwest USA debris flows deposited in 
1980, (Major & Pierson, 1992)). Debris flows typically travel greater 
distances due to excess of water mixed within the flow, resulting in a low 
viscosity, increasing buoyancy and travelling farther (Major & Pierson, 
1992). The properties of the monomict breccia debris flow, such as its 
viscosity and velocity suggest very short flow distances <10 km, therefore it 
was emplaced into the basin from lateral margins directly instead of lateral 
flow parallel to the elongate basin for 100’s of kilometres, typical of turbulent 
flow. The debris flows feeding the basin from the margins include outer shelf 
and upper slope involvement, which is the leading edge of the thrust sheet 
(Figure 7.2). 
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Figure 7.2. Paleodepositional flow model of the northern Whakataki Formation monomict breccia 
23.5 Ma. Arrows represent inferred paleoflow directions. Locations of Cretaceous and Paleogene units 
are adapted from Neef (1997) and Ballieul et al. (2013). Flow models of the units have been adapted 
from Mutti et al. (2006). 
Due to limited outcrop and mapped contacts the size of the monomict breccia 
cannot be determined. The block diagram of the hypothesised monomict 
breccia emplacement (Figure 7.2) illustrates the thrusting of the Whakataki 
Thrust Fault (Bailleul et al., 2013) resulting in the scraping and erosion of 
basal units, Cretaceous and Paleogene aged. The location of these units is 
outlined in previous works and defines them as laterally extensive and 
widespread along the subduction margin, east and west of the Whakataki 
Formation deposition Figure 7.3, (Bailleul et al., 2013) and Figure 7.4, 
(Neef, 1997). 
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Figure 7.3. Cross-section of the Tonga-Kermadec subduction zone across the Akitio, Coastal block 
and Wairarapra coast areas 20 Ma illustrating the position of Cretaceous/Paleogene units relative to 
the Miocene Whakataki Formation basin fill (modified from Bailleul et al., 2013). 
 
Figure 7.4. Cross-section of the Tonga-Kermadec subduction zone across the Akitio Region 10.5 Ma 
illustrating the position of the Cretaceous and Paleogene units relative to Miocene Whakataki 
Formation deposition (Neef, 1997). 
Lack of paleoflow markers caused by structural deformation and overprinting 
prevents a relative emplacement direction to be determined, therefore emplacement 
could be from either margin (east or west paleoflow). In Figure 7.2 it is projected as 
west to east as this is the easiest way to graphically represent the monomict breccia 
emplacement and is not an interpretation of flow direction.  
2. Widespread low-density turbidite deposition occurred after the emplacement 
of the monomict breccia, which is divided into two phases with an unknown 
relative age between them. The emplacement of the southern turbidites was 
initiated by low-density, thin-bedded, mud-rich deposition, which is 
associated with low-energy distal basin plain depositional environments. 
These characteristics are analogous to a lower fan environment when 
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assuming submarine fan sedimentation (Normark, 1978; Jager et al., 1993; 
Bailleul et al., 2007)(stratigraphic log 1 and 2, Chapter 4). Up-Stratigraphy 
expresses an increase in bed thickness and sandstone facies that represents an 
increase in energy (stratigraphic log 3 of the southern Whakataki Formation). 
Increased energy inhibited coarser grained material to travel farther from 
source, assuming source is constant throughout deposition. Facies 
architecture of these deposits is analogous to a classical middle fan and levee-
overbank setting, medial-proximal to a potential channel suggesting an 
advance of sedimentation (Kneller & Branney, 1995). Increased energy likely 
occurred due to a period of intense accretionary prism contraction through 
ongoing subduction, which resulted in greater thrust sheet erosion and 
subsequent increase in sediment supply (Pickering et al., 2013).  
The emplacement of the northern turbidites, which are characterised by thick-
bedded equally sand and mud-rich facies, flame structures and rare Tc facies 
suggests a moderate-energy depositional environment, typical of a mid-fan 
and levee/levee overbank setting (assumed submarine fan deposition) fed by 
long-lived turbidity flows with elevated sediment supply. These turbidites 
lack paleoflow markers therefore they are interpreted as emplaced by north-
northeast flows as they are associated with the source and emplacement of the 
southern turbidites (Figure 7.5).  
The consistency of paleoflow markers suggests a single point-source fed 
system however the distinction of submarine fan vs sheet-like deposition 
remains unknown. Unimodal paleoflow markers of the Whakataki Formation 
turbidites suggest sheet-like deposition, whereas multiple paleoflow 
directions are indicative of fan deposition (Posamentier et al., 1991; Bouma, 
1997). Therefore the paleoflow data of this work suggests a sheet-like 
turbidite depositional model, however submarine fans can cover 30,000 km3 
(northwest African continental margin (Friedman & Sanders, 1992)). 
Therefore the study area of this work that covers several kilometres only 
represents a small portion of a potential submarine fan and it remains a 
potential depositional style for these turbidites. Ultimately the results of the 
coastal outcrop do not provide enough evidence to distinguish sedimentation 
style and is interpreted as point-source fed, likely a single channel from the 
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south/southwest that has deposited widespread turbidites with dynamic 
sedimentation rates (Figure 7.5). 
 
 
Figure 7.5. Paleodepositional flow model of the Whakataki Formation turbidite deposits 23.5 – 20.5 
Ma. Arrows represent paleoflow directions from sole marks/fossils and ripples. Locations of 
Cretaceous and Paleogene units are adapted from Neef (1997) and Ballieul et al. (2013). Flow models 
of the units have been adapted from Mutti et al. (2006). The glaucony facies in Paleogene and 
Cretaceous units were eroded during transport as there is no evidence for detrital glauconite in the 
Whakataki Formation. 
The unknown age relationship between the southern and northern turbidites 
provides several possible emplacement mechanisms. If the southern turbidites 
represent the basal part of a single turbidite succession, then we observe an 
overall coarsening up sequence from low-energy to high-energy turbidite 
deposition, which is associated with advancing sediment supply (evidence for 
aggradation). If the northern turbidites represent the basal successions of the 
entire turbidite sequence, then the system during deposition was continually 
changing and wasn’t constantly increasing in energy. Initially turbidites were 
deposited in a high-energy environment to low-energy and finally high-
energy again, presenting a coarsening up and fining up sequence (evidence of 
aggradation and retreat of source). Both depositional models are likely 
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occurrences within the tectonically active environment where subduction 
related strain is subject to change throughout deposition, resulting in dynamic 
sedimentation rates (Davey et al., 1986; Bailleul et al., 2007). This 
depositional model outlines the limitations of previously published work from 
Field (2005), Neef (1997) and Bailleul et al. (2013) and provides details of 
further research that can be done (i.e. finding primary contacts between 
units). 
3. Overlying the turbidites is the polymict breccia characterised by a localised 
destructive debris flow, defined by its capability to transport large calcite-
rich, glaucony (which were possibly eroded during transport) and quartzite 
metre-scale clasts within its flow, suggesting high-density (> 1.5 tonnes/m3), 
high-moderate viscosity and flow velocities of ~ 5 m/s fed by an open 
channel, where walls did not interfere with flow mechanics. The polymict 
breccia has similar characteristics to the monomict breccia that travelled a 
short distance, <10 km (Figure 7.6) 
 
Figure 7.6. Paleodepositional flow model of the northern Whakataki Formation polymict breccia 23.5 
– 20.5 Ma. Arrows represent inferred paleoflow directions. Locations of Cretaceous and Paleogene 
units are adapted from Neef (1997) and Ballieul et al. (2013). Flow models of the units have been 
adapted from Mutti et al. (2006).  
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Due to limited outcrop and mapped contacts the size of the monomict breccia cannot 
be determined. Analogous to the monomict breccia the polymict breccia lacks 
paleoflow directions due to structural overprinting and may have been emplaced into 
the basin from either margin (east or west). In Figure 7.6 it is projected as west to 
east as this is the easiest way to graphically represent the monomict breccia 
emplacement and is not an interpretation of flow direction. The detailed 
sedimentology and stratigraphy of the Whakataki Formation deposit architecture in 
this work has allowed a depositional emplacement model to be presented, outlining 
transportation mechanisms and limitations of the stratigraphic record. 
7.1.4 Provenance 
The monomict breccia and polymict breccia exhibit compositional maturity with the 
occurrence of albite and microcline in small percentages and slightly metamorphosed 
sandstone blocks (quartzite in the polymict breccia). The composition of the 
turbidites (QFL ratios, fine-grained and moderate to well-sorted fabrics) suggest a 
mature, recycled orogenic source, however the low percentage of quartz (60%) 
suggests moderate maturity overall (Dickinson, 1985; Zuffa, 1985). This mutual 
characteristic of moderate to high maturity and the abundances of limestone blocks, 
glaucony, carbonaceous material and quartzite is indicative of a Cretaceous and 
Paleogene source, their lithologies detailed by Lee and Begg (2002) and Neef (1997). 
Cretaceous and Paleogene units have undergone complex and dynamic tectonic 
regime shifts, resulting in multiple recycling processes and their subsequent mature 
characteristics (Neef, 1997). Particularly in the mid-Cretaceous (105 Ma) the tectonic 
regime of New Zealand shifted from convergent margin to crustal extension (Neef, 
1997). This was initiated by the approach and collision of the spreading ridge 
between the Pacific and Phoenix Plate (McCarron & Larter, 1998). If these 
Cretaceous and Paleogene units were localised perhaps paleoflow could be inferred. 
As previously mentioned these units are laterally extensive outcropping east and west 
of the Whakataki Formation (Figure 7.3 and Figure 7.4), therefore no paleoflow 
inferences are made. These implications do not affect the depositional model, 
especially the debrites, which were emplaced <10 km from source. Each of the three 
units comprise of unique lithologies that will be used to loosely define marker beds 
to provide detail of the degree of Cretaceous and Paleogene source, these units 
outlined in Table 7.1. 
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Table 7.1  
Cretaceous and Paleogene rock formations related as source of the monomict breccia, turbidites and 
polymict breccia ordered from oldest to youngest (ESK Head belt oldest unit). Boxes in the formation 
column represent parts of the unit that correspond to the Whakataki Formation, green = glauconitic 
sandstone, yellow = limestone and black = carbonaceous material (Lee & Begg, 2002). The dark-grey 
arrow denotes the degree of Cretaceous and Paleogene unit incorporation of the monomict breccia, 
brown arrow represents the turbidites and light-grey arrow represents the polymict breccia 
 
Formation Age (Ma) Composition 
Weber 
 
33.7 – 
23.8 
Highly calcareous mudstone with locally exposed 
glauconitic beds up to 200 m thick. 
Wanstead 
 
54.8 – 
33.7 
Calcareous mudstone, spherical calcareous septarian 
concretions 1 m in diameter and sandstone with pebble 
and cobble beds. 
Kaiwhata 
limestone 
54.8 Very localised and discontinuous, comprised of 
bioturbated and micritic limestone and bedded 
greensand with minor carbonaceous mudstone. 
Whangai 
 
65 – 54.8 Siliceous siltstone, thick-bedded (10 m in some 
locations) and localised glauconitic sandstones, muddy 
siltstone. 
Tangaruhe 
 
80 - 65 Moderately to poorly-indurated fossiliferous 
mudstones, minor conglomerate, tuff and m-bedded 
glauconitic sandstones. 
Springhill  95 - 90 Very-fine sandstone and medium-dark grey silty 
mudstone, with 10 mm thick vitrinite-rich 
subbituminous coal. 
Gentle Annie 
 
100 - 95 Moderately to poorly-indurated and fossiliferous 
mudstones, minor conglomerate, tuff and m-bedded 
glauconitic sandstones. 
Mangapokia 
 
110 - 100 Quartzofeldspathic sandstone and mudstone with 
minor conglomerates, spilitic volcanics, rare and 
localised carbonaceous wisps, chert, red siltstone and 
fossiliferous limestones. 
Waioeke 
terrane 
 
150 - 100 Volcaniclastic sandstone and mudstone with minor 
vesicular basalts, chert and bioclastic limestone. 
ESK head belt 
 
200 - 130 Sandstone and mudstone beds with sheared argillite, 
basalt, chert and limestone blocks. 
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The monomict breccia composition is homogeneous and contains limestone blocks, 
likely sourced from shallow units. The calcite-rich blocks, (assumed as sourced from 
limestone) of the monomict breccia likely originated from the Kaiwhata Limestone, a 
shallow and poorly-indurated Paleogene unit, through destructive flow. The size of 
the blocks relative to the surrounding mudstone suggests they were sourced through 
basal erosion, not accreted during thrust sheet erosion, which would typically reduce 
the material to fine-sand. The absence of Cretaceous lithologies and relative 
homogeneous composition of the monomict breccia suggests that during the early 
stages of thrusting only superficial units were eroded and older (assumed deeper) 
units were unaffected (Ross & Shor, 1965; Howell & von Huene, 1978; Smith et al., 
1979).  
The turbidites that contain carbonaceous material was potentially sourced from 
deeper and older stratigraphy including the Springhill and possibly the Mangapokia 
Formation (Figure 7.4). The absence of limestone blocks in the turbidites is expected 
as turbidity currents do not have the cohesive flow strength observed in debris flows 
capable of transporting large blocks (Kneller & Branney, 1995; Iverson, 1997). The 
greater inclusion of Cretaceous source in the turbidites relative to the monomict 
breccia is indicative of deeper and more inclusive thrust sheet erosion resulting in 
greater range of sediment supply. 
The polymict breccia is also heavily composed of most Cretaceous and Paleogene 
units, including limestone blocks, glaucony beds and carbonaceous material. It is 
possible that the polymict breccia sourced its limestone blocks from the Mangapokia 
Formation, Waioeke terrane and Esk Head belt Formation suggesting comprehensive 
thrust sheet erosion, however these units are heavily sheared and deformed. Instead it 
is likely they originate from younger and less deformed Kaiwhata Limestone 
(Paleogene bed erosion). The polymict breccia provides evidence for even greater 
thrust sheet erosion than the turbidites that reveals a respectively linear progression 
of thrust sheet erosion over time. 
Since the work by Neef (1997) the source of the Whakataki Formation has been 
described as comprising of the Whangai Formation and Mangatu Groups (see 
Chapter 2 for explanation) with no further association. The proposed source outlined 
in this work agrees with the work published by Neef (1997) and extends on this by 
identifying individual formations within the Mangatu Group that relate to the most 
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likely source of the debrites and turbidites, relating provenance to thrust sheet 
erosion. 
The detailed sedimentological analysis of the Whakataki Formation in this work has 
allowed provenance to be characterised. The interpreted provenance outlines 
individual Cretaceous and Paleogene source units of each stratigraphic unit of the 
Whakataki Formation and outlines how the sedimentology of each unit is directly 
associated with thrust sheet erosion. 
7.1.5 Burial history  
Proceeding deposition of the Whakataki Formation contraction of the region lessened 
and compression of nearby thrust faults slowed (Bailleul et al., 2013). This period is 
characterised by slowed sedimentation rates and the burial of the Whakataki 
Formation (Bailleul et al., 2013). All deposits of the Whakataki Formation outlined 
herein have undergone similar burial histories and lithification.  
Framework minerals of all turbidite facies exhibit consistent point, long and rare 
concavo-convex contacts, calcite cement (5%) and weakly evolved glauconitic grains 
that suggest burial was shallow depth (<2 km) and below wave base (Chafetz & 
Reid, 2000). The weakly evolved glauconite suggests that glauconisation may have 
been stopped prematurely, as the formation has been buried and no longer been in 
contact with the seawater interface or porosity occlusion limited seawater interaction. 
Although the microfabrics and characteristics of the debrites are unknown their 
composition reveals diagenetic processes. The prevalence of smectitic clays in both 
monomict and polymict breccia suggests temperatures less than 70 – 80°C associated 
with shallow burial depths; at greater temperatures these clays typically dissolve and 
are replaced by illite (Bjørlykke et al., 1989). Pervasive calcite cement up to 10% in 
the breccias also suggests shallow burial at temperatures <80°C. 
Both debrites and turbidites contain minor pyrite, which typically forms during the 
early stages of diagenesis (Berner, 1984). Pyrite forms from replacement of organic 
fragments in deep-marine environments (Berner, 1984), therefore minor pyrite 
suggests organic matter was not prevalent in the deep-marine trench-slope basin 
(Gearing et al., 1976). The effects of diagenesis related to petroleum reservoir 
characteristics are important and will be discussed in the next section. 
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7.1.6 Episodic deformation events  
Directly after burial of the Whakataki Formation, subduction continued and 
compression of the wider region controlled WNW-ESE contraction at 17.5 Ma 
(Bailleul et al., 2013). The ductile deformation of the southern Whakataki Formation 
turbidites likely occurred during this contraction, as this is the only major regional 
shortening event capable of producing the kilometre scale syncline trending at 235° 
(King, 2000a; Nicol et al., 2007; Bailleul et al., 2013). This deformation is localised 
to the southern Whakataki Formation as structural fabrics indicative of approximate 
WNW-ESE contraction are not observed within the northern Whakataki Formation. 
After this deformation, the Akitio Region underwent widespread margin subsidence 
forming the present day coastal ranges between 15 – 6.5 Ma (Figure 2.9). The 
Whakataki Formation does not exhibit structural fabrics such as normal faulting or 
other structural fabrics that are associated with margin subsidence (Åberg et al., 
1984; Li et al., 1999) therefore it is assumed that this period did not affect the 
Whakataki Formation analysed in this work.  
Between 6.5 – 5.0 Ma, regional uplift of the east coast margin experienced E-W 
contraction and is expressed as N-S trending folds in the nearby Tawahero (10 km 
NW of the Whakataki Formation) and Te Wharau synclines (50 km SW) (Neef, 
1992; Bailleul et al., 2013). The evolution of the 110° shortening trend between 17.5 
– 15 Ma to E-W shortening at 6.5 Ma is associated with a subduction direction 
change caused by crustal thickening from the Hikurangi Plateau, an oceanic large 
igneous province (Bailleul et al., 2007; Davy et al., 2008). Uplift of the northern 
Whakataki Formation resulted in the tilting and deformation of the Whakataki 
Formation during margin contraction, which is observed in the cross-sections 
constructed in this work (Figure 5.6). The northern Whakataki Formation has since 
undergone extensive weathering, exposing the stacked sequence of the monomict 
breccia, turbidites and polymict breccia tilted toward the west (Figure 7.7). 
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Figure 7.7. Cross-section of the northern Whakataki Formation illustrating initial uplift of the region 
6.5 Ma (1) followed by E-W contraction resulting in shearing (2). The angles of thrust faults steepen 
since 25 Ma, outlined by Bailleul et al. (2013). 
Previous studies of trench-slope basins have reported that as deformation of the 
sedimentary units continues, motion along the thrust sheets dies out and they are 
eventually buried over time (Karig & Sharman, 1975). Thrust sheet burial is outlined 
by Bailleul et al. (2013) that illustrates sedimentation of middle Miocene deposits 
over the Whakataki Thrust Fault and western margin of the Whakataki Formation, 
adding weight to the landward flank (western flank) of the trench-slope basin 
promoting the tilting of the Whakataki Formation (Figure 7.7). After the uplift and 
rotation, the northern Whakataki Formation has undergone solid-state sub-shearing 
deformation, forming compositional foliations, sheared boudinage calcite-rich clasts 
and folds (D1B event) that are all oriented N-S. 
The uplift event outlined in Bailleul et al. (2013) suggests it was regional 
encompassing the majority of the east coast therefore the southern Whakataki 
Formation turbidites were uplifted as well. Structural fabrics such as shearing, 
foliations and folds however are not observed in the southern Whakataki Formation. 
The two separate structural characteristics of the northern and southern Whakataki 
Formation can be attributed to dewatering during lithification of both southern and 
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northern deposits, making the sedimentary units rigid and more susceptible to 
localised shear (Moore & Karig, 1976; Davey et al., 1986). If dewatering during 
lithification did not occur, then the lateral offset of the northern and southern 
outcrops could account for the two deformation styles. The widespread turbidite 
deposits that extend for kilometres are likely to experience heterogeneous strain and 
produce individual structural characteristics because of this. Localised and 
heterogeneous shear strain within the basin may also explain why the foliations, folds 
and asymmetric clasts of Suicide Point are non-coaxial and likely formed during 
uplift and subsequent shearing at 6 Ma. Suicide Point and its structural characteristics 
remains an area for possible further work that may provide further evidence for the 
deformational history of the Whakataki Formation. 
Contraction of the coastal ranges has continued since 5 Ma expressed by NE-SW 
trending folds onshore in Pliocene aged sedimentary units (Bailleul et al., 2013). 
Offshore, on the Wairarapa shelf reverse faults (Turnagain Fault, 2km depth, 10km 
offshore east of the Whakataki Formation) are the main structures associated with 
continued contraction of the margin (Bailleul et al., 2013). This period of 
deformation is contemporaneous with late stage brittle faulting of the northern 
Whakataki Formation (D2). The faults comprise of dip-slip reverse movement at a 
high dip angle >60° (Figure 5.1), which is rare in contraction events (Bieniawski, 
1967; Wei & De Bremaecker, 1994). During compression thrust faults normally form 
at 30° to the primary strain according to Coulombs failure criteria (Wei & De 
Bremaecker, 1994). Reverse faults generally form in areas affected by heterogeneous 
stress (Wei & De Bremaecker, 1994; Malo & Kirkwood, 1995), which suggests the 
faults in the northern Whakataki may have initially formed at lower angles consistent 
with Coulombs failure criteria and have been subsequently deformed, exhibiting 
differential stresses on the environment. (Bieniawski, 1967; Bailleul et al., 2013). 
The study of all structural fabrics in the northern and southern Whakataki Formation 
have shown that the turbidite deposits, which extend laterally for 8 km have 
undergone two major localised deformational events. The first deformation event 
resulted in ductile deformation of the southern turbidites at 17.5 Ma caused by region 
wide WNW-ESE contraction. Between 6.5 – 5.0 Ma uplift of the east coast resulted 
in the N-S structural fabrics of the northern Whakataki Formation during shearing. 
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These episodic and localised deformations coupled with weathering and erosion have 
resulted in the unclear field relationships between the northern and southern deposits, 
separated by Suicide Point. Since the Quaternary, contraction of the margin is 
concentrated to the south, along the shelf edge near Castlepoint (Figure 2.8) through 
active thrusting of the Whakataki, Castlepoint and Turnagain Faults (King, 2000; 
Bailleul et al., 2013). The evolution of the Castlepoint area through uplift from active 
thrusting continues today, providing greater exposure of the Quaternary sediments 
(Neef, 1997).  
The structural history of the Whakataki Formation in this work has provided a 
deformation model that has interpreted the origin of the prevalent and varied 
structural fabrics such as folding, foliations and sigmoidal clasts. As this work is 
focused on sedimentology and stratigraphy, this model has not established new 
interpretations of the wider tectonism, rather relied on previous works locally 
(Bailleul et al., 2013) and globally (Moore & Karig, 1976) to constrain these 
structural fabrics. The limitations of this work include the lack of Suicide Point 
structural data and observations of contacts or large faults. This could potentially 
allow new interpretations of structural deformation related to wider tectonism. 
7.2 PETROLEUM POTENTIAL OF THE WHAKATAKI FORMATION 
7.2.1 Introduction to petroleum reservoirs 
Porosity and permeability are important rock characteristics when examining and 
interpreting its reservoir potential (Schmidt et al., 1977; Ehrenberg, 1990; Chuhan et 
al., 2003). A rock must be porous with a high degree of interconnected void space so 
that it is capable of holding petroleum (Abdou et al., 2009). These internal 
properties; porosity and permeability are functions of primary composition controlled 
by the rocks source (provenance study), depositional environment and chemical and 
physical changes that occur during burial (Boles, 1981; Dickinson, 1985; Islam, 
2009). The Whakataki Formation’s source, depositional, burial and deformational 
history are outlined herein and will be used to discuss porosity and permeability both 
microscopically and macroscopically of the Whakataki Formation and the greatest 
influences that have affected the reservoir potential. These interpretations of the 
Whakataki Formation’s reservoir characteristics will ideally add to previously 
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published work detailing the eastern coast petroleum systems of the North Island, 
New Zealand (Field, 1997). 
7.2.2 The Whakataki Formation porosity and permeability 
The Whakataki Formation’s microscopic characteristics suggest low porosity and 
assumed low permeability (no quantitative analysis using mD units). Low porosity is 
controlled by three factors that are products of source, depositional environment and 
diagenesis that include: 
1. High clay content (>10 - 15%): the turbidites and debris flows comprise of 
detrital mica, kaolin and montmorillinite that enhanced rapid porosity 
decrease with compaction. Although burial is shallow (<2 km) the abundant 
clays promoted compaction acting as lubricants for primary framework grains 
such as quartz and feldspars resulting in severe porosity loss (Burely, 1986; 
Ehrenberg, 1990). 
2. Lack of meteoric water interaction: the Whakataki Formation was deposited 
in a bathyal deep-marine environment far from land therefore the influx of 
meteoric waters, production of carbonic and sulphuric acid was minimal 
(Bjørlykke et al., 1995). Meteoric waters play a large role in shallow marine 
and fluvial sandstones that effectively dissolve feldspar grains resulting in 
fine-grained authigenic kaolinite precipitation, slightly increasing porosity 
(Bjørlykke et al., 1989). In some instances kaolinite precipitation (clay 
transformation from K-feldspars) doesn’t occur because feldspars are the 
plagioclase composition, however XRD analysis shows the abundance of 
microcline (K-feldspar) in the majority of samples (Bjørlykke et al., 1995).  
3. Pervasive calcite cement: calcite cement occurs in all of the Whakataki 
Formation, up to 10% in parts (monomict breccia), which makes the rocks 
hard and indurated even though they have not been buried deeply (Boles, 
1998). This is well documented in most of the North Sea basin and parts of 
the Gulf Coast Basin (Sharp & Mcbride, 1989; Bjorlykke et al., 1992). Tight 
sandstone and mudstone sedimentary deposits are not favourable 
characteristics of reservoirs as cementation results in decreased porosity 
(Bjorlykke et al., 1992). 
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The low porosity of these turbidite and debrites is not uncommon especially in many 
deep-marine basin deposits. Turbidites specifically are still known as economically 
viable and low-porosity petroleum reservoirs as they form laterally extensive and 
homogeneous basin deposits and present a low-concentrated but large and 
predictable reservoir (Abdou & Kassab, 2009). The outcrop detailed in this study 
does not display this lateral homogeneity that might counter the low porosity, 
exhibited through multiple facies changes. Variable stratigraphy of the Whakataki 
Formation is well outlined in this study providing stratigraphic logging and evidence 
of thin-bedded and mud-dominated turbidites to thick metre-bedded sand-dominated 
ones throughout the basin. Furthermore, the Whakataki Formation comprises of 
intermittent debrites that display unit heterogeneity as they are characteristically 
clay-rich relative to the turbidites and are poorly-sorted (slight grain size change and 
random distribution of clasts/blocks). 
Fractures within sedimentary units are known to contribute to the economic viability 
of petroleum reservoirs (Warren & Root, 1963; Fisher & Knipe, 2001). Faulting 
networks may provide permeability to highly porous but low-permeable reservoirs 
(Warren & Root, 1963). Low-permeable closed fractures with clay smear can also be 
detrimental to the reservoir increasing compartmentalisation, dividing the petroleum 
resource (Odling et al., 1999). To summarise, fractures and faults through the 
Whakataki Formation in this report do not provide the required detail to state 
whether they are beneficial for porosity/permeability and ultimately the economical 
viability as a petroleum reservoir. This would require 3D modelling of the complete 
Whakataki Formation subsurface, which would be a complex task, as there are 
hundreds of small centimetre fractures, which do not offset rock, to large metre-scale 
thrust faults that might penetrate the subsurface for 10’s of metres (Bahorich, 1995). 
This work concludes that this task is needless and overly complex as the microscopic 
porosity and macroscopic heterogeneity suggest the Whakataki Formation is a poor 
hydrocarbon reservoir. 
7.3 PALEODEPOSITIONAL MODEL OF THE WHAKATAKI 
FORMATION 
Figure 7.2, Figure 7.5 and Figure 7.6 illustrate the depositional history of the 
Whakataki Formation trench-slope basin sedimentary sequence. Initial subduction 
and subsequent approximate E-W strain placed on the wider eastern coast, New 
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Zealand’s North Island at 25 Ma, resulted in the formation of thrust sheets that 
produced multiple sediment flows. The depositional architecture is characterised by 
widespread, slightly carbonaceous (coaly material), slightly glauconitic and fine-
grained turbidites with intermittent, localised, massive, mud-rich and matrix-
supported debris flows. These basin fill sequences were deposited at bathyal depth 
during a period of dynamic tectonic activity and sedimentation rates, which are 
reflected by the variably thick sand and mud-rich turbidite facies. Compositional 
analysis of each depositional unit provides a close association with nearby and 
widespread Cretaceous and Paleogene units that were incorporated into each 
depositional phase through varying degrees of thrust sheet erosion and bed erosion.  
The Whakataki Formation was buried to shallow depths during a period of slowed 
subduction significantly reducing porosity due to the prevalence of fine-grained clay 
minerals.  The deposits have since been deformed by discrete, regional-scale and 
major tectonic events. Approximately SE-NW contraction has ductiley deformed the 
southern section of the Whakataki Formation resulting in steeply dipping bed 
geometry observed today. E-W contraction, which is associated with a period of 
uplift has effectively sheared the northern section, altering the original stratigraphy 
and tilted the basin deposits landward. Tilting of the northern Whakataki Formation 
westward and subsequent erosion since 6.5 Ma has resulted in the progressive 
stacking sequence of the three deposits younging toward the west observed today. 
 
 Chapter 8: Conclusions 181 
Chapter 8: Conclusions 
A reconstruction of the structural-stratigraphic architecture of the Miocene 
Whakataki Formation has been developed. This model encompassed regional 
mapping, aided by aerial photography, stratigraphic logging, X-ray Diffraction and 
Scanning Electron Microscope analysis to quantify characteristics and develop a 
paleodepositional model. This chapter presents a summary of the major findings and 
conclusions of the Whakataki Formation research.  
8.1.1 Sedimentology and facies architecture of the trench-slope basin deposits, 
Whakataki Formation 
Three units were identified within the trench-slope basin fill sequence of the 
Whakataki Formation that exhibit unique compositions, outlined from oldest to 
youngest: 
 The foliated, mud-rich and matrix-supported monomict breccia is a 
dark-grey, massive and poorly-sorted mudstone with rare (<2%), light 
brown-beige, massive, medium-grained, elongate (0.10 m – 4 m 
long), sigmoidal and calcitic clasts. The dark-grey mudstone and 
calcitic clasts are rich in mica, kaolin and montmorillinite. 
 Turbidites are characterised by brown to grey, fine-grained sandstone 
and mudstone interbeds that are either feldspathic or lithic wackes and 
contain >15% matrix of mica, kaolin, montmorillinite and chlorite 
with calcite cement and authigenic glauconite. The turbidites are 
comprised of monocrystalline quartz, albite, microcline and minor 
pyrite. The turbidites are tightly packed (low porosity <5%) and 
exhibit localised carbonaceous wisps as thin millimetre and 
centimetre-scale wisps. 
 The foliated mud-rich and matrix-supported polymict breccia is 
characterised by a light to dark-grey massive, rarely-graded and 
poorly-sorted mudstone with five foreign lithologies including: (1) 
beige, massive, medium-grained, elongate (0.1 – 1.5 m long), 
sigmoidal and calcitic clasts: (2) beige, massive, fine-grained, sinuous 
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(2 – 3 cm thick, 2 – 5 m long), folded and calcitic veins: (3) blue-grey, 
massive, medium-grained, highly-sheared, highly-eroded and calcitic 
horizons: (4) orange/brown and green boulders that are massive, 
medium-grained, quartzite and glaucony (glauconite-rich facies) 
blocks: and (5) brownish-black, massive, very-fine grained and 
tabular (0.5 m thick, 2 – 3 m long) carbonaceous mudstone beds. The 
dark-grey mudstone, calcitic clasts and blue-grey sheared horizons 
contain mica, kaolin, montmorillinite and chlorite. 
Episodic deformation of the Whakataki Formation since deposition 23.5 Ma has 
complicated stratigraphy. The resulting outcrop exposure reveals a very complex 
sequence of sedimentary units that have unknown contacts and the defined 
stratigraphic units cannot be traced laterally through the coastal outcrop exposure. To 
reconstruct the regional stratigraphy and analyse its depositional history, lithological 
associations were studied. This study focussed on primary textures and mineralogy 
that enabled extrapolation and correlation between units, allowing a regional 
stratigraphy to be developed. The Whakataki Formation researched in this work was 
divided into three stratigraphic units based dominantly on the aforementioned 
lithologies. The turbidites are divided into two depositional phases (1) the south and 
(2) the north, their relative ages unknown due to an unobserved bisecting contact 
formed during deformation. The stratigraphic architecture of three stratigraphic units 
follows: 
 Monomict breccia: non-bedded, non-graded and structureless dark-grey 
mudstone (98%) with rare (2%) and scattered m-scale elongate calcitic 
clasts that demonstrate no sense of sorting within the unit. The exposure 
of this unit in outcrop does not present true thickness and is estimated size 
is unknown. 
 Turbidite deposits: (1) southern turbidites are characterised by normally-
graded Bouma sequences (turbidites) that are incomplete (low-density) 
with very rare Ta facies and rare Tb facies. Thin-bedded sequences 
average 18 – 20 cm and are much-rich (70%). The stratigraphy evolves 
into thicker bedded sequences to 30 cm and becomes dominated by sand-
rich facies (prominent and thicker Tc facies) to 80%. The southern 
turbidites stratigraphic sequence is 730 m thick, 120 m of this is recorded 
 Chapter 8: Conclusions 183 
(Chapter 4). (2) Northern turbidites are characterised by normally-graded 
Bouma sequences (turbidites) that are incomplete with no observed Ta 
facies. The turbidites are thick-bedded sequences of dominantly Tb to Te 
facies with an average sequence thickness between 0.85 – 3.5 m and are 
equally sandstone and mudstone rich. The stratigraphy of the northern 
turbidites due to sand coverage and lack of stratigraphic correlation 
prevents a unit thickness to be determined. 
 Polymict breccia: represented by non-bedded, rarely-graded and 
structureless dark to light-grey mudstone (98%) with rare (2%) and 
variably scattered calcitic clasts, veins, sheared calcitic horizons, 
glaucony boulders, quartzite boulders and tabular carbonaceous mudstone 
beds. The limited outcrop exposure does not present true thickness and 
cannot be estimated.  
The stratigraphic characteristics of the Whakataki Formation provide details of the 
emplacement mechanisms, which varies from short-lived slumping debris flows to 
low-density, highly turbulent turbidity currents. 
 The monomict breccia is defined as a destructive debris flow capable of deep 
bed erosion that transported material through open channels at high density, 
high-moderate viscosity and moderate flow velocity between 3 – 5 m/s. Flow 
characteristics are indicative of short distances <10 km fed from the basin 
margins along the slope. 
 Turbidites: (1) The southern turbidite sequence was emplaced initially by 
low-energy turbidity currents in a distal depositional setting indicative of low 
sedimentation rates. Sedimentation rates increase and turbidite deposition 
evolves into sand-rich and thicker-bedded turbidites, associated with a 
coarsening up sequence and advancing sedimentation. (2) The northern 
turbidites were emplaced by constant moderate-energy turbidity currents fed 
by long-lived flows with high sediment supply. Paleoflow markers suggest 
deposition from a south/southwest single point-source, likely a channel, 
where widespread and variably deposited turbidites originated from. 
 Polymict breccia: characterised as a destructive debris flow capable of deep 
bed erosion that transported through an open channel at high density, high-
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moderate viscosity and moderate flow velocity between 3 – 5 m/s. Flow 
characteristics are indicative of short distances, <10 km fed from the basin 
margins along the slope. 
The Whakataki Formation was deposited within a subaqueous, deep-marine bathyal 
depth trench-slope basin. Flows were initiated by contraction of the margin from 
subduction, which produced large-scale thrust faults, the movement of the hanging 
wall eroding basal units. These flows travelled down slope and deposited within the 
subsidised area eventually forming the trench-slope basin. The proposed stratigraphic 
sequence and interpreted emplacement mechanisms reveal sedimentation rates were 
varied, specifically turbidity deposition that exhibits the evolution of low energy to 
high-energy deposition.  
8.1.2 Provenance of the Whakataki Formation 
The three units display mature characteristics and varying unique lithologies such as 
limestone blocks and carbonaceous mudstone that provide a close association with 
varying degrees of local Cretaceous and Paleogene sedimentary units. Flows initiated 
by thrust sheet erosion, that accreted  
 Monomict breccia: the homogeneous lithology of the unit was 
predominantly sourced from shallow buried Cretaceous units 
(Tangaruhe Formation and younger/shallower) from thrust sheet 
erosion and limestone blocks of the shallow and weakly-indurated 
Paleogene Kaiwhata Limestone through bed erosion. 
 Turbidites: represent the greater incorporation of deeper Cretaceous 
units with common carbonaceous mudstone from the Cretaceous 
Springhill Formation. Low association with Paleogene units such as 
limestone blocks due to flow characteristics that lack strength to erode 
bed material and transport large blocks 100’s of kilometres. 
 Polymict breccia: the varied lithology of the unit was predominantly 
sourced from deep buried Cretaceous units such as carbonaceous 
mudstone and limestone blocks from the Paleogene Kaiwhata 
Limestone or deep Cretaceous ESK Head belt, Waioeke terrane or 
Mangapokia Formation.  
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The source of the Whakataki Formation suggests that over time progressive thrusting 
has brought older successions to the surface to be eroded and incorporated deeper 
Cretaceous units as evidenced by the youngest unit, the polymict breccia, which is 
lithologically the most diverse. The defined sedimentology of the Whakataki 
Formation in this work relates the sedimentology of each unit with thrust sheet 
erosion. 
8.1.3 Burial and deformational history of the Whakataki Formation 
Whole rock petrography, XRD and SEM analysis performed on the Whakataki 
Formation has allowed the burial history and diagenetic processes to be defined, 
important for petroleum reservoir modelling. The burial history is interpreted as 
shallow <2 km due to the following characteristics: 
 Common point, long and rare concavo-convex contacts, weakly-evolved 
authigenic glauconite, pervasive calcite cement in the turbidites and debrites 
(up to 10% in some samples) and the prevalence of smectitic clays. 
Lack of sutured grain contacts, quartz cementation and dissolution of feldspar grains, 
which are typical of burial to a greater depth are not observed, therefore the 
Whakataki Formation has undergone shallow burial. Three deformational events are 
identified and have affected the original stratigraphy of the Whakataki Formation, 
however each phase has affected the Whakataki Formation locally, forming discrete 
and restricted structural characteristics. Phases include a number of fabric forming 
events that are directly associated with the episodic tectonic history of the wider east 
coast North Island, New Zealand, outlined in Bailleul et al. (2013). 
 D0: southern turbidite ductile folding; 17.5 Ma. The first deformation 
occurred from subduction movement WSW producing 110°E contraction 
folding the southern section of the turbidites.  The syncline has been 
subjected to brittle faulting offsetting sandstone and mudstone beds by 
several metres in some cases. 
 D1A: solid-state sub-simple shearing; 6.5 Ma, characterised by early onset 
faulting and calcitic-rich fluid emplacement forming localised vein 
networks within localised areas in polymict breccia. 
 D1B: solid-state and sub-simple shearing; 6.5 – 5.0 Ma, characterised by 
the formation of foliations in the monomict and polymict breccia, early-
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formed folds in both monomict/polymict breccia and turbidites of the 
northern Whakataki Formation only (southern turbidites unaffected) and 
boudinage of calcitic clasts formed exclusively within the monomict and 
polymict breccia. Structural fabrics are coaxial, trending approximately 
N-S suggesting consistent E-W contraction. 
 D2: late stage reverse faulting of the northern Whakataki Formation; 5 
Ma, characterised by high dip angle >60° and consistent SE dip azimuth, 
formed during the late Miocene. This deformation suggests 
inhomogeneous strain emplaced on the environment in the last 5 - 6 Ma.  
The three deformation events have had localised effects on the Whakataki 
Formation. The distinct style of deformation between the southern and northern 
Whakataki Formation suggests that during burial and lithification the sediments 
were heavily dewatered and they became rigid that promoted localised 
deformation. This analysis has recognised the deformation processes that have 
produced two dramatically independent structural deformation styles, separated 
by an unknown contact covered by a sandy beach. 
8.1.4 Petroleum potential of the Whakataki Formation 
The petroleum potential was determined through whole rock petrography, XRD 
and SEM analysis, macroscopic properties of both debrites and turbidites and 
analysing fractures and faults in a broad sense. These characteristics combined 
suggest the reservoir potential of the Whakataki Formation is low due to three 
fundamental rock characteristics: 
1. Low porosity and permeability; high clay content of all deposits have acted 
as lubricants that have promoted mechanical compaction and subsequent low 
porosity during shallow burial. Quartz and feldspar dissolution processes to 
form cements and kaolinite generally increase porosity however these fabrics 
are absent. The deposits are highly indurated due to consistent calcite 
cementation, resulting in tightly packed, low porous/permeable sandstones.  
2. Whakataki Formation lateral heterogeneity; Variable stratigraphy between 
turbidites and poorly-sorted debrites typically results in reservoir 
compartmentalisation, unfavourable for hydrocarbon storage. 
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3. High complexity of fracture and fault systems; Fractures and fault types 
within the formation are varied and have undergone structural evolution 
(particularly the reverse faults of the northern Whakataki Formation).  
Complete subsurface 3D modelling is required to determine the economic 
viability of this structurally complex potential petroleum reservoir. 
8.1.5 Regional and Global implications 
The conclusions presented in this work have provided greater context to previous 
works on the Whakataki Formation and provides a paleodepositional model for 
trench-slope basin fill sequences. To summarise finally, the Whakataki Formation 
basin fill comprises of high and low-energy style turbidite deposition with localised 
and intermittent debrites that were deposited in a deep-marine trench-slope basin at 
bathyal depth. 
This work has answered the stated hypotheses in the introduction of this thesis. The 
Whakataki Formation deposit architecture has been detailed, allowing provenance 
and a paleodepositional model to be constrained. Moreover a structural fabric 
analysis has provided context of the Whakataki Formation observed today and the 
structural history interpretation has aided this paleodepositional model interpretation. 
This analysis has extended on previous works that have described the Whakataki 
Formation on broad and unspecific terms by providing an unprecedented 
geochemical analysis supported by petrography. I have also discussed the potential 
limitations that are presented when analysing trench-slope basins from restricted 
coastal outcrop. The findings of this work agree with previous literature reviews of 
typical trench-slope basin sedimentation processes globally. This adds to previously 
published work as a stratigraphic and sedimentological case study of trench-slope 
basin processes along the eastern coast of New Zealand’s North Island. 
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Appendices 
Appendix A: Paleocurrent data and apparent dip conversions for Chapter 4 
 
Figure A. Topographic map of the Whakataki Formation with illustrated sandstone and mudstone 
interbeds with all paloeflow directions in degrees. All flow directions are from sole marks if not stated 
otherwise as ripples or tool marks. 
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Table A1 
Dip to apparent dip conversions for Chapter 4 cross-section for Figure 4.1, A – A’; cross section 
bearing 3400. Note many of the true dip measurements do not change when converted to apparent 
dips as they strike nearly perpendicular to the cross-section bearing. The first bed conversion (830 
dip) is the northern most measured point following on toward the southernmost bed (530). Red 
numerals highlight altered apparent dip. The method used for converting to apparent dip outlined in 
the Methods section 
Strike True dip (north to south) Apparent dip 
conversion 
0630 830 830 
0630 880 880 
0690 840 840 
0600 850 840 
0600 890 890 
0650 770 770 
0650 890 890 
0850 890 890 
0850 820 820 
0850 750 750 
0850 740 740 
0850 770 770 
0850 630 630 
0850 160 160 
0850 130 130 
0850 120 120 
0850 40 40 
0850 110 110 
0850 60 60 
0200 190 120 
0250 390 300 
0250 420 320 
0150 370 240 
0200 140 90 
0650 230 230 
0650 380 380 
0650 350 350 
0500 530 510 
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Appendix B: Textural analysis for Chapter 4  
Quantitative sediment analysis was undertaken on 4 facies of the southern Whakataki 
Formation (Ta, Tb, Tc, Td) and 4 facies of the northern Whakataki Formation (Ta, 
Tb, Td, Greensand) with the aim of identifying lithological changes that can be used 
to analyse depositional environment. Four textural variables were tested including 
mean grain size (long axis of grain), sorting (calculated using standard deviation of 
mean grain size), skewness and kurtosis. 
Table B1 
Grain size conversions (Wentworth, 1922) 
Phi(ф) Size (mm) Size terms 
-8 256 Boulders/cobbles 
-6 64 Pebbles 
-1 2 Sand 
4 0.62 Silt 
>8 0.004 Clay 
 
Table B2 
Grain size sorting (Blott & Pye, 2001; Folk & Ward, 1957) 
Standard 
Deviation 
Sorting 
<0.35 Very well sorted 
0.35 – 0.50 Well sorted 
0.50 – 0.70 Moderately well 
sorted 
0.70 – 1.00 Moderately sorted 
1.00 – 2.00 Poorly sorted 
2.00 – 4.00 Very poorly sorted 
>4.00 Extremely poorly 
sorted 
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Table B3 
Grain size skewness (Blott & Pye, 2001; Folk & Ward, 1957) 
Skewness 
value 
Skewness 
0.3 – 1.0 Very fine 
skewed 
0.1 – 0.3 Fine skewed 
0.1 - -0.1 Symmetrical 
-0.1 – -0.3 Coarse skewed 
-0.3 – -1.0 Very coarse 
skewed 
 
Table B4 
Grain size kurtosis (Blott & Pye, 2001; Folk & Ward, 1957) 
Kurtosis 
value 
Kurtosis 
<0.67 Very platykurtic 
0.67 – 0.90 Platykurtic 
0.90 – 1.11 Mesokurtic 
1.11 – 1.50 Leptokurtic 
1.50  - 3.00 Very leptokurtic 
>3.00 Extremely 
leptokurtic 
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Table B5 
Numerical summary of grain size analysis for all facies identified of the southern Whakataki Formation (Chapter 4) 
Facies Phi () Standard deviation Skewness Kurtosis Frequency distribution curve 
Massive sandstone (Ta) Max 2.16 0.74 0.39 -0.26  
Min. 6.27 
Av. 3.95 
Planar sandstone (Tb) Max 2.78 0.60 0.29 -0.23  
Min. 5.72 
Av. 4.19 
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Rippled sandstone (Tc) Max 2.34 0.68 0.09 -0.03  
Min. 6.64 
Av. 4.47 
Planar siltstone (Td) Max 3.08 0.50 -0.23 0.72  
Min. 6.51 
Av. 5.14 
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Table B6 
Summary of grains size and distribution for all facies identified of the southern Whakataki Formation 
(Chapter 4) 
Facies Phi () Standard 
deviation 
Skewness Kurtosis 
Massive 
sandstone 
(Ta) 
Max Fine 
sandstone 
Moderately sorted Strongly fine 
skewed 
Very Platykurtic 
Min. Medium 
siltstone 
Av. Very-fine 
sandstone 
Planar 
sandstone 
(Tb) 
Max Fine 
sandstone 
Moderately-well 
sorted 
Fine skewed Very Platykurtic 
Min. Medium 
siltstone 
Av. Coarse 
siltstone 
Rippled 
sandstone 
(Tc) 
Max Fine 
sandstone 
Moderately-well 
sorted 
Near 
symmetrical 
Very Platykurtic 
Min. Fine 
siltstone 
Av. Coarse 
siltstone 
Planar 
siltstone 
(Td) 
Max Very-fine 
sandstone 
Moderately-well 
sorted 
Coarse skewed Platykurtic 
Min. Fine 
siltstone 
Av. Medium 
siltstone 
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Appendix C: XRD trace and SEM analysis 
 
 
Figure C1. Typical X-ray Diffraction, clay fraction XRD trace for the massive/planar sandstone facies 
of the southern Whakataki Formation. 
 
Figure C2. Typical Scanning Electron Microscope sample trace analysis of glauconite in the 
Sandstone and mudstone interbeds. 
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Appendix D: Stratigraphic logs; Chapter 4 
 
Figure D1. Topographic map of the southern turbidites highlighting the location of each stratigraphic 
log and corresponding legend. Contours are 20 m intervals. 
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Figure D2. Stratigraphic log 1 of the southern Whakataki Formation, note all paleoflow directions are 
unfolded representing original paleocurrent before deformation. Bouma facies 1 = Te, 2 = Td, 3 = Tc, 
4 = Tb and 5 = Ta. 
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Figure D3. Stratigraphic log 2 of the southern Whakataki Formation, note all paleoflow directions are 
unfolded representing original paleoflow before deformation. Bouma facies 1 = Te, 2 = Td, 3 = Tc, 4 
= Tb and 5 = Ta. 
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 Figure D4. Stratigraphic log 3 of the southern Whakataki Formation, note all paleoflow directions are 
unfolded representing original paleocurrent before deformation. Bouma facies 1 = Te, 2 = Td, 3 = Tc, 
4 = Tb and 5 = Ta. 
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Appendix E: Dip to apparent dip conversion for Chapter 5 
Table E1 
Dip to apparent dip conversions for Chapter 5 cross section for Figure 5.5, F – F’; cross-section 
bearing 2700. The first bed conversion (320 dip) is the easternmost measured bed following on toward 
the westernmost bed (480). Red numerals highlight altered apparent dip. The method used for 
converting to apparent dip outlined in the Methods section 
Strike True dip (east to west) Apparent dip 
conversion 
3400 320 300 
3500 360 360 
0250 560 530 
3500 580 580 
3500 330 330 
3500 370 370 
3500 350 350 
0000 600 600 
0050 450 450 
0000 420 420 
0000 390 390 
0000 360 360 
0000 330 330 
0000 480 480 
3500 500 500 
3500 460 460 
3500 430 430 
3500 460 460 
3500 500 500 
3500 580 580 
3500 610 610 
3550 430 430 
3550 350 350 
3550 480 480 
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Table E2 
Dip to apparent dip conversions for Chapter 5 cross-section Figure 5.6, F – F’; cross-section bearing 
2700. The first bed conversion (680 dip) is the easternmost measurement following on toward the 
westernmost bed (330). Red numerals highlight altered apparent dip. The method used for converting 
to apparent dip outlined in the Methods section 
Strike True dip (east to west) Apparent dip 
conversion 
0100 680 680 
0100 640 640 
3350 570 540 
3400 550 530 
3350 750 720 
3400 640 620 
0250 410 380 
0000 420 420 
0000 550 550 
0000 410 410 
0000 310 310 
3550 450 450 
3000 180 100 
0050 530 530 
3500 470 470 
3350 360 330 
0100 450 450 
0150 250 240 
0050 690 690 
0000 720 720 
3500 320 310 
3500 510 510 
3500 610 610 
3500 580 580 
3500 410 410 
3500 700 700 
3500 650 650 
3500 610 610 
3500 640 640 
3500 330 330 
3500 330 330 
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Appendix F: Fold location for Chapter 5 
Table F 
All folds of the northern Whakataki Formation with their lithotype and location (Chapter 5). Table 
presented because not all folds are detailed on provided maps in Chapter 5 
Fold number Stratigraphic unit Location 
1 Polymict Breccia 5476900N, 1874800E 
2 Polymict Breccia 5476900N, 1874800E 
3 Polymict Breccia 5476900N, 1874800E 
4 Polymict Breccia 5477000N, 1874750E 
5 Sand/mudstone beds 5477000N, 1874700E 
6 Polymict Breccia 5477100N, 1874700E 
7 Polymict Breccia 5477100N, 1874700E 
8 Sand/mudstone beds 5477100N, 1874700E 
9 Sand/mudstone beds 5477100N, 1874700E 
10 Sand/mudstone beds 5477100N, 1874700E 
11 Sand/mudstone beds 5477100N, 1874700E 
12 Polymict Breccia 5477100N, 1874700E 
13 Polymict Breccia 5477200N, 1874700E 
14 Polymict Breccia 5477200N, 1874700E 
15 Polymict Breccia 5477200N, 1874700E 
16 Sand/mudstone beds 5477200N, 1874700E 
17 Polymict Breccia 5477200N, 1874700E 
18 Polymict Breccia 5477200N, 1874700E 
19 Polymict Breccia 5477800N, 1874700E 
20 Polymict Breccia 5477800N, 1874700E 
21 Polymict Breccia 5479450N, 1875250E 
22 Polymict Breccia 5479500N, 1875200E 
23 Polymict Breccia 5479500N, 1875200E 
24 Polymict Breccia 5479500N, 1875200E 
25 Polymict Breccia 5479500E, 1875200E 
26 Polymict Breccia 5479550N, 1875250E 
27 Sand/mudstone beds 5479700N, 1875250E 
28 Sand/mudstone beds 5479950N, 1875400E 
29 Sand/mudstone beds 5479950N, 1875400E 
30 Sand/mudstone beds 5479950N, 1875500E 
31 Sand/mudstone beds 5479950N, 1875500E 
32 Sand/mudstone beds 5479950N, 1875400E 
33 Monomict Breccia 5480000N, 1875500E 
34 Sand/mudstone beds 5480000N, 1875500E 
35 Sand/mudstone beds 5480000N, 1875500E 
36 Monomict Breccia 5480100N, 1875500E 
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Appendix G: Textural analysis for Chapter 6 
Table G1 
Numerical summary of grain size analysis of the Sandstone and mudstone interbeds, northern Whakataki Formation (Chapter 6) 
Facies Phi () Standard Deviation Skewness Kurtosis Frequency distribution curve 
Planar sandstone 
(Tb) 
Max 2.64 0.62 0.21 -0.17  
Min. 5.80 
Av. 3.68 
Planar siltstone (Td) Max 2.33 0.59 0.28 0.20  
Min. 6.32 
Av. 3.98 
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Glaucony Max 1.83 0.56 
 
0.46 -0.09  
Min. 4.64 
Av. 3.07 
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Table G2 
Summary of grain size and distribution for planar sandstone, planar siltstone and Glaucony facies of 
the northern Whakataki Formation (Chapter 6) 
Facies Phi () Standard 
deviation 
Skewness Kurtosis 
Planar 
sandstone 
(Tb) 
Max Fine sandstone Moderately-well 
sorted 
Fine skewed Very 
Platykurtic Min. Coarse 
siltstone 
Av. Very-fine 
sandstone 
Planar 
siltstone 
(Td) 
Max Fine sandstone Moderately-well 
sorted 
Fine skewed Very 
Platykurtic Min. Medium silt 
Av. Coarse 
siltstone 
Glaucony Max. Medium 
sandstone 
Moderately-well 
sorted 
 
Strongly fine 
skewed 
Very 
Platykurtic 
 
 
 
